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SUMMARY
An N r o o t  p r o c e s s i n g  t e c h n i q u e  o r i g i n a l ] y  i n v e n t e d  by
D r .  M u i r h e a d  has  been  i n v e s t i g a t e d  by  n u m e r i c a l  m o d e l l i n g .  A n a l y s i s  o f  a
n u m b e r  o f  r u n s  on d a t a  c o m p r i s i n g  s y n t h e t i c  s i g n a l s  i n  t h e  p r e s e n c e  o f
t  h
s y n t h e t i c  G a u s s i a n  and n o n - G a u s s i a n  n o i s e  has  d e m o n s t r a t e d  t h a t  t h e  N 
r o o t  p r o c e s s ,  t h o u g h  m a r g i n a l l y  i n f e r i o r  t o  l i n e a r  su m m in g  p r o c e s s  f o r  
s i g n a l  d e t e c t i o n  i n  t h e  p r e s e n c e  o f  G a u s s i a n  n o i s e ,  p r o v i d e s  i m p r o v e d  
s i g n a l  d e t e c t i o n  c a p a b i l i t i e s  when  t h e  n o i s e  become s n o n - G a u s s i a n .  T h i s  
n o n - l i n e a r  p r o c e s s  e m p h a s i z e s  s i g n a 1 c o h e r e n c e  and  a l l o w s  b e t t e r  r e s o l u t i o n  o f  
s e i s m i c  s i g n a l s  w h o s e  a r r i v a l  t i m e s  an d  s l o w n e s s e s  a r e  t o o  c l o s e  t o  e a c h  
o t h e r  t o  be r e s o l v e d  by  a l i n e a r  su m m in g  t e c h n i q u e .  The  p r o c e s s  has  bee n  
u s e d  f o r  m a k i n g  s l o w n e s s  m e a s u r e m e n t s  o f  d a t a  f r o m  t h e  W a r r a m u n g a  S e i s m i c  
a r r a y  (WRA) i n  o r d e r  t o  d e r i v e  t h e  f i n e  S t r u c t u r e  o f  t h e  P - w a v e  v e l o c i t y  
d i s t r i b u t i o n  i n  t h e  u p p e r  m a n t l e  and  t h e  t r a n s i t i o n  z o n e .
S l o w n e s s  m e a s u r e m e n t s  on o v e r  t w o  h u n d r e d  e v e n t s  c h o s e n  i n  a 
n a r r o w  a z i m u t h  r a n g e  i n  t h e  d i r e c t i o n  o f  t h e  Banda  S e a ,  M i n d a n a o  a n d  t h e  
P h i l i p p i n e  I s l a n d s ,  r e c o r d e d  a t  WRA, h a v e  e n a b l e d  t h e  c o n s t r u c t i o n  o f  a 
d e t a i l e d  t r a v e l  t i m e  c u r v e  i n  t h e  d i s t a n c e  r a n g e  14° -  46°.  T h e  d a t a  
s u g g e s t  t h e  p r e s e n c e  o f  a l o w - v e l o c i t y  z o n e  a t  d e p t h s  b e t w e e n  210  an d  33 0  
km. The  l o w - v e l o c i t y  z o n e ,  i f  i t  e x i s t s ,  i s  t e r m i n a t e d  by a l a r g e  v e l o c i t y  
i n c r e a s e  s h a r p  e n o u g h  t o  p r o d u c e  a r e f l e c t i o n  b r a n c h  w h i c h  e x t e n d s  t o  
e p i c e n t r a l  d i s t a n c e s  as  f a r  as  32°.  T h e  s l o w n e s s  d a t a  a l s o  i n d i c a t e  
d e c r e a s e s  i n  t h e  s l o w n e s s  o f  t h e  f i r s t  a r r i v a l  a t  e p i c e n t r a l  d i s t a n c e s  n e a r  
2 0 ° ,  24° ,  2 9 . 5 ° ,  38° and 43°.  T r i p l i c a t i o n s  i n  t h e  t r a v e l  t i m e  c u r v e  n e a r  
t h e s e  d i s t a n c e s  h a v e  be en  i d e n t i f i e d  u s i n g  s l o w n e s s  an d  t r a v e l  t i m e  d a t a  
f o r  f i r s t  and l a t e r  a r r i v a l s .  H i g h  v e l o c i t y  g r a d i e n t s  a t  d e p t h s  n e a r  330 
460,  640,  750,  920 and 1065 a r e  i m p l i e d  by  t h e  o b s e r v e d  t r i p l i c a t i o n s  w hen 
i n t e r p r e t e d  i n  t e r m s  o f  a P v e l o c i t y  m o d e l .  T h e  t r i p l i c a t i o n s  n e a r  24° 
an d  2 9 - 5 °  s u g g e s t  t h a t  t h e  a s s o c i a t e d  t r a n s i t i o n s  a r e  s h a r p  and t h a t  t h e
Vvelocity gradients between them (640 - 750 and 750 - 900 km) are relatively 
low. Extremal bounds have been calculated for the velocity model under 
various assumptions. The results suggest that the uncertainties in the 
estimates of the depths of the transitions are in the range 28 to 45 km.
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1CHAPTER 1 
INTRODUCTION
1.1 APPLICATION OF SEISMIC ARRAYS.
The p as t  decade saw m a jo r  advances  in  t h e  f i e l d  o f  s e i s m o lo g y  as 
a r e s u l t  o f  improvements in  da ta  a c q u i s i t i o n  and a n a l y s i s  t e c h n i q u e s .  The 
i n t r o d u c t i o n  o f  s e i s m i c  a r r a y s ,  m u l t i c h a n n e l  m a g n e t i c  r e c o r d i n g  o f  s e i s m i c  
s i g n a l s  in  ana lo g  and d i g i t a l  f o r m ,  improvem en ts  in  t i m e - k e e p i n g  and t h e  
ease o f  a n a l y s i s  o f f e r e d  by l a r g e  d i g i t a l  c om pu te rs  r e s u l t e d  in  t h e  f o r m u ­
l a t i o n  o f  new ideas  and p r o v id e d  bases f o r  a c c e p t i n g  o r  r e j e c t i n g  o l d  ones .
A s t r o n g e r  f o u n d a t i o n  f o r  th e  t h e o r i e s  o f  p l a t e  t e c t o n i c s  and c o n t i n e n t a l  
d r i f t ,  c o n f i r m a t i o n  o f  th e  e x i s t e n c e  o f  t h e  l o w - v e l o c i t y  l a y e r  in t h e  upper  
m a n t l e  and a r e v i s i o n  o f  t he  c o n c e p t  o f  s p h e r i c a l  symmetry in t h e  c o m p o s i t i o n  
o f  t h e  e a r t h  a r e  some examples .
S e is m ic  a r r a y s  enab le d  d e t e c t i o n  o f  weak s e i s m i c  s i g n a l s  w h ic h  a re  
be low  t h e  d e t e c t i o n  c a p a b i l i t y  o f  s i n g l e  s e is m o g ra p h s .  T h i s  a s p e c t  has been 
o f  c o n s i d e r a b l e  im p o r ta n c e  f rom  t h e  p o i n t  o f  v i e w  o f  s e i s m i c  m o n i t o r i n g  o f  
n u c l e a r  e x p l o s i o n s  as w e l l  as t h a t  o f  d e l i n e a t i n g  t h e  f i n e  s t r u c t u r e  o f  
s e i s m i c  body wave v e l o c i t i e s  in  t h e  i n t e r i o r  o f  t h e  e a r t h .  A r r a y  measurements 
o f  t h e  a p p a r e n t  phase v e l o c i t i e s  and d i r e c t i o n s  o f  s e i s m i c  s i g n a l s ,  w h ic h  a re  
based on t h e  e s t i m a t e s  o f  t h e  r e l a t i v e  a r r i v a l  t im e s  o f  t h e  s i g n a l  a t  d i f f e r ­
e n t  se n s o r  l o c a t i o n s ,  a re  f r e e  o f  e r r o r s  caused  by i n a c c u r a c i e s  in  t i m e ­
k eep ing  and are  l e s s  a f f e c t e d  by e r r o r s  i n  t h e  e s t i m a t e s  o f  o r i g i n  t im e  and 
f o c a l  p a r a m e te r s  o f  t h e  so u rc e  than  a re  t h e  t r a v e l  t i m e s .  S e is m ic  a r r a y s  
a r e ,  how eve r ,  p rone  t o  s y s t e m a t i c  e r r o r s  i n  t h e  d e t e r m i n a t i o n  o f  a p p a r e n t  
v e l o c i t i e s .  T h i s  makes a r r a y  d a t a  somewhat l e s s  r e l i a b l e  f o r  th e  d e t e r m i n ­
a t i o n  o f  v e l o c i t i e s  than a r e  t r a v e l  t i m e  d a t a ,  where some a v e r a g i n g  o f  
s t a t i o n  a n o m a l ie s  may be expec ted  to  o c c u r .  However ,  a r r a y s  a r e  more adep t  
in  t h e  r e s o l u t i o n  o f  f i n e  d e t a i l s  o f  t h e  v e l o c i t y  s t r u c t u r e ,  p r o v i d e d  c a r e
2i s  t a k e n  t o  a v o id  e r r o r s  caused by a z i m u t h a l  v a r i a t i o n s  in  a r r a y  a n o m a l ie s  
( c f .  C l e a r y ,  197*0* V e l o c i t y  models  d e r i v e d  f r om  a r r a y  measurements o f  
a p p a r e n t  v e l o c i t i e s  a r e  c o n s e q u e n t l y  more t r u s t w o r t h y  in  t h i s  r e s p e c t  
th a n  th o s e  based on a w o r l d w i d e  n e t w o r k  o f  s i n g l e  i n s t r u m e n t s .
C o n t in u o u s  m o n i t o r i n g  u s in g  se ism om ete r  a r r a y s  soon r e s u l t e d  in 
t h e  a c c u m u l a t i o n  o f  huge amounts o f  d a t a .  To make an e f f e c t i v e  use o f  t h i s  
da ta  an e f f i c i e n t  d a t a  r e d u c t i o n  system was r e q u i r e d .  Once th e  u t i l i t y  o f  
a r r a y s  was r e c o g n i z e d  and a few o f  them were  i n s t a l l e d  in t h e  e a r l y  n i n e t e e n  
s i x t i e s ,  e f f o r t s  c o n t i n u e d  in t h e  d i r e c t i o n  o f  f i n d i n g  means t o  cope w i t h  
t h e  r e q u i r e m e n t s  o f  r e d u c t i o n  and p r o c e s s i n g  o f  t h e  d a t a  t o  e x t r a c t  maximum 
i n f o r m a t i o n .  A r r a y  pe r fo rm anc e  has ,  s i n c e  t h e n ,  improved t h r o u g h  ha rdware  
as w e l l  as s o f t w a r e .  Deve lopment  o f  methods t o  enhance s i g n a l - t o - n o i s e  
r a t i o  (SNR) has r e s u l t e d  in  t he  e v o l u t i o n  o f  v a r i o u s  s i g n a l  p r o c e s s i n g  
t e c h n i q u e s .  T h i s  a s p e c t  o f  a r r a y s ,  when u t i l i z e d  f o r  i d e n t i f y i n g  l a t e r  
a r r i v a l s  in  a s e i s m ic  wave t r a i n ,  has led  t o  s i g n i f i c a n t  improvements in  t h e  
know ledge  o f  t h e  s e i s m i c  v e l o c i t y  s t r u c t u r e  in  t h e  i n t e r i o r  o f  t h e  e a r t h .
1 * 1 ( 1 )  SIGNAL-TO-NOISE RATIO ENHANCEMENT.
SNR ( S i g n a 1- t o - n o i s e  r a t i o )  improvement  in  t h e  processed  o u t p u t  
o f  an a r r a y  r e s u l t s  f r om  t h e  f a c t  t h a t  when t h e  o u t p u t s  f r o m  a l l  t h e  senso rs  
o f  t h e  a r r a y  a r e  added ,  w i t h  p ro p e r  t im e  s h i f t s ,  t h e  s i g n a l  i s  added in 
phase whereas t h e  n o i s e  i s  added o u t  o f  phase .  The improvement  depends ,  
how eve r ,  on th e  c h a r a c t e r i s t i c s  o f  t h e  n o i s e  as w e l l  as th e  s i g n a l  a c r o s s  th e  
a r r a y .  The b a s i c  o b j e c t i v e  in  a r r a y  p r o c e s s i n g  i s  t hus  to  d e t e r m i n e  the  t im e  
s h i f t s  t h a t  p roduce  t h e  d e s i r e d  SNR improvement  on t h e  one hand and t o  a p p l y  
them t o  v a r i o u s  sensor  o u t p u t s  t o  p roduce  maximum SNR on th e  o t h e r .  The 
p ro c e s s  a l s o  i n c l u d e s  a s s i g n i n g  w e i g h t s  t o  i n d i v i d u a l  sensor  o u t p u t s  so t h a t  
b e t t e r  r e c o r d s ,  o r  p o r t i o n s  o f  t h e  r e c o r d s ,  a r e  g i v e n  g r e a t e r  i m p o r t a n c e .  
A g a i n ,  t h e  w e i g h t s  may be c o n s t a n t  o r  t im e  depe n d e n t .  The p roc es s  o f  add ing  
t h e  a r r a y  o u t p u t s  w i t h  p ro p e r  t im e  s h i f t s  and w e i g h t s  t o  produce  maximum SNR
3is  termed beam- forming.
For a monochromat ic s ig n a l  t r a v e l l i n g  ac ross  an a r r a y  w i t h  an
apparen t  phase v e l o c i t y  V (F igu re  1.1)  the  phase s h i f t s  a t  sensor l o c a t i o n
0
(R ,a ) a re  g iven  b y : 
m m
3m
2 ttR Cos(0-a  ) _ m m
XVa
( 1 . 1 )
where X is  the  apparen t  wave le n g th  o f  the  s ig n a l  and 0 is  the  az imuth  o f
t  hthe  source .  The r e l a t i v e  a r r i v a l  t im es  o f  the  s ig n a l  a t  the  m sensor are 
g iv e n  by:
T
m f
( 1 . 2 )
where kQ is  a v e c to r  p o i n t i n g  in the  d i r e c t i o n  o f  the  w a v e f r o n t .  The 
phased o u tp u t  o f  the  a r r a y  is  g iven  by:
N
0 (n) = E I (n+j ) .............. (1 .3 ), m m m=l
t  hwhere I is  the  d i g i t i z e d  o u tp u t  o f  the  m sensor and t = j  . A t ,  At being m m Jm 3
the  sampling i n t e r v a l .  The d i r e c t i v i t y  response o f  the  phased a r r a y  is  
g i v e n  by the  F o u r ie r  t r a n s f o r m ,  G ( f , k ) ,  o f  the  N sensor p o s i t i o n s  where:
G ( f  T )
4-oo
*
Exp ( -2 tt i f x 1 ) .Exp(2TTiR.k)6(R-R )dR 
m m
m=l -oo
E Exp ( 2 tt i R . ( k - k  ) )  , m o
m= 1
( l . M
and is  any t im e  s h i f t  a p p l ie d  to  the  m sensor o u tp u t  be fo re  add in g .  G
-)■
is a complex f u n c t i o n  o f  the  wave number k and c o n s i s t s  o f  a main lobe ,  the
w id th  o f  which r o u g h ly  equa ls the  in ve rse  o f  the  a r r a y  d imens ions and s ide
kNORTH
F i g u r e  1.1 S i gna l  t r a v e l l i n g  a c r o s s  an a r r a y .
5lobes whose average magni tude decreases w i t h  1 / /N - *. T h is  exp ress ion  f o r  G 
can be u t i l i z e d  to  show t h a t  the  process w i l l  p ro v id e  maximum SNR i f  the  
s ig n a l  waveform is  i d e n t i c a l  a t  a l l  sensors and the  no ise  powers a re  equal 
and independent  o f  each o t h e r ,  so t h a t  the  n o i s e  is  u n i f o r m l y  d i s t r i b u t e d
4 - # ^
over  the  k space -  which is  e q u i v a le n t  t o  say ing  t h a t  the  no ise  is  u nc o r re l  
a ted ( B i r t i l l  and Whiteway,  11)65) -
In case o f  no ise  o f  t i m e - v a r y i n g  c h a r a c t e r ,  the  s id e lo b e s  can be 
c o n t r o l l e d  by w e ig h t in g  the  o u tp u ts  so t h a t
N
0 (n) = I  h . I (n+j ) .............. (1 .5 ), m m m m=l
t  hwhere h^ a re  the  w e igh ts  f o r  the  m sensor o u t p u t .  In t h i s  p rocess ,  
c a l l e d  m u l t i c h a n n e l  f i l t e r i n g ,  the  d i r e c t i v i t y  response is  g iven  by:
N ^
G ( f , k )  = Z h . Exp(2ttiR . ( k - k  ) )  .............. (1 .6 ), m m om=l
The w e ig h ts  h a re  c a l c u l a b l e  in terms o f  the  conva r ia n ce  m a t r i x  o f  the  m
n o is e  (Green e t  a l ., 1966). In case o f  u n c o r r e l a t e d  no ise  the  non-d iagona l  
e lements  o f  t h i s  m a t r i x  v a n is h  and the  w e ig h ts  c o i n c i d e  w i t h  those  g iven  
by B i r t i l l  and Whiteway (1965 )« Maximum l i k e l i h o o d  p rocess ing  (L e v in ,  
196*0 wh ich  p ro v ide s  a minimum v a r ia n c e  unbiased e s t im a te  o f  the  s i g n a l ,  
and Wiener f i l t e r i n g  (Wiener,  19**9; Burg,  196*0,  wh ich  minimizes the  
d i f f e r e n c e  between the  o u tp u t  and the  d e s i r e d  s i g n a l ,  are  examples o f  m u l t i  
channel  f i l t e r i n g .  M u l t i ch an n e l  f i l t e r i n g  i s  bes t  used when the  background 
n o ise  is  s t a t i o n a r y .  In the  case o f  p i e c e w i s e - s t a t i o n a r y  o r  n o n - s t a t i o n a r y  
n o ise  the  f i l t e r  c o e f f i c i e n t s  need to  be updated p e r i o d i c a l l y .  I f  f i l t e r  
c o e f f i c i e n t s  wh ich do not  correspond t o  the  a l t e r e d  no ise  c o n d i t i o n s  are 
used,  m u l t i c h a n n e l  f i l t e r i n g  does not  produce the  d es i red  r e s u l t s  ( K e l l y ,  
1966).  F u r the rm ore ,  computer t ime requ i rem en ts  f o r  s y n th e s i z in g  such 
f i l t e r s  pose s e r io us  problems (Capon e t  a l . ,  1967).  For coheren t  no ise
6o c c u p y in g  a d i f f e r e n t  p a r t  o f  t h e  f r e q u e n c y - w a v e  number space than  t h e  
s i g n a l ,  m u l t i c h a n n e l  f i l t e r i n g  c a n ,  however ,  p roduce  SNR improvement in 
excess  o f  t h e  /N~~ o b t a i n a b l e  in t h e  d e la y e d  sum p r o c e s s i n g  when t h e  n o i s e  
i s  u n c o r r e l a t e d .  Because o f  t h e  l a r g e  i n t e r s e n s o r  sp a c in g  in  t h e  U . K . A . E . A .  
a r r a y s  (Keen e t  a l ♦, 1965) in  c o n t r a s t  t o  th e  s m a l l e r  VELA- ty pe  a r r a y s  
(B e rk ne r  c o m m i t t e e  r e p o r t ,  1959) t h e  a s s u m p t io n  o f  u n c o r r e l a t e d  n o i s e  is  
b e t t e r  a p p l i c a b l e  t o  WRA and s i m i l a r  a r r a y s .  T h e r e f o r e  de la y e d  sum p r o c e s s ­
ing i s  p r e f e r r e d  f o r  t h e s e  a r r a y s .  For  s i g n a l s  w i t h  an av e ra g e  i n t e r s e n s o r  
c o r r e l a t i o n  and n o i s e  w i t h  t h e  a v e r a g e  i n t e r s e n s o r  c o r r e l a t i o n  p ^ ,  t h e  
power g a i n  in  t h e  de lay ed  sum p r o c e s s i n g  i s  g i v e n  by ( K in g ,  197*0 :
1 + ( N - l ) p
G = --------------
1 + ( N - l ) p
0 .7)
so t h a t  t h e  improvement in  SNR i s  reduced when t h e  n o i s e  shows in c re a s e d  
i n t e r s e n s o r  c o r r e l a t i o n .
1 . 2 ( 2 )  ESTIMATING SIGNAL DIRECTIONS.
The phase s h i f t s  i n t r o d u c e d  in  t h e  s i g n a l  wave form a t  v a r i o u s  
sensor  l o c a t i o n s  as a r e s u l t  o f  i t s  a p p a r e n t  phase v e l o c i t y  a r e  g i v e n  by 
e q u a t i o n  ( 1 . 1 ) .  The c o r r e s p o n d i n g  t i m e  s h i f t s  r e q u i r e d  to  b r i n g  t h e  s i g n a l  
in  phase a r e  g i v e n  by e q u a t i o n  ( 1 . 2 ) .  For  t h e  U . K . A . E . A .  a r r a y s ,  t h e  f a c t  
t h a t  maximum SNR o c c u r s  when t h e  s i g n a l  a t  a l l  senso r  l o c a t i o n s  i s  added 
in phase i s  u t i l i z e d  in  e s t i m a t i n g  t h e  a p p a r e n t  phase v e l o c i t y  and 
d i r e c t i o n  o f  t h e  s i g n a l .  O u tp u ts  f r o m  a l l  t h e  a r r a y  i n s t r u m e n t s  a r e  added 
w i t h  a l l  p o s s i b l e  t im e  s h i f t s .  The t im e  s h i f t s  t h a t  p roduce  maximum SNR 
p r o v i d e  th e  a p p a r e n t  v e l o c i t y  and d i r e c t i o n  o f  t h e  s i g n a l .  I t  was demon­
s t r a t e d  by B i r t i l l  and Whi teway (19&5) t h a t  t h e  method o f  o p t i m i z i n g  th e  
SNR, and hence t h e  b e s t  method o f  d e t e r m i n i n g  th e s e  d e l a y s ,  i s  t o  add 
th e  a r r a y  o u t p u t s  in two equal  g r o u p s ,  m u l t i p l y  t h e  two p a r t i a l  sums and 
ave rage  th e  p r o d u c t  o v e r  an i n t e r v a l  o f  t i m e  t o  fo rm  a t im e  averaged
7p r o d u c t  (TAP).  T h i s  approach  has been adop te d  a t  t h e  U . K . A . E . A .  a r r a y s ,  
w i t h  v a r i o u s  p r o c e d u re s  used f o r  i n s e r t i n g  t h e  p r o p a g a t i o n  d e l a y s .
In one o f  the  methods used a t  B la c k n e s t ,  a le n g th  o f  the  record  
to  be processed is  s tored  on a tape loop .  Time de lays  a re  i n s e r te d  in 
each seismometer  o u tp u t  on p layback  by s e l e c t i n g  p layback  head p o s i t i o n s  
and tape  p la yback  speeds. In an a l t e r n a t i v e  p rocedu re ,  the  seismometer  
o u tp u t s  a re  d i g i t i z e d  and s t o r e d .  A f t e r  i n t r o d u c in g  the  d e lay s  n u m e r i c a l l y ,  
the  s i g n a l s  are  converted  back to  analogue form ( B i r t i l l  and Whi teway,  1965).
W e i c h e r t  e t  a l . (1967) have a p p l i e d  u n i f o r m  i n t e r s e n s o r  d e l a y s  in 
te rm s  o f  t h e  s am p l ing  i n t e r v a l .  The a d v a n ta g e  o f  t h i s  method i s  in  te rms 
o f  t h e  reduced  compute r  t i m e  r e q u i r e m e n t s ,  because a s m a l l e r  number o f  beams 
i s  r e q u i r e d  t o  c o v e r  t h e  e n t i r e  range  o f  v e l o c i t y  and d i r e c t i o n .  T h i s  
a pp roac h  i s  l i m i t e d ,  however ,  by t he  u n d e r l y i n g  a s s u m p t io n s  o f  u n i f o r m  
i n t e r s e n s o r  s p a c in g  and c r u s t a l  hom ogen e i t y  and by n o n - u n i f o r m  s t e p s  in  t h e  
e s t i m a t e s  o f  v e l o c i t y  and a z im u t h  w h ic h  r e s u l t  f r om  t h i s  t e c h n i q u e .  YKA 
is  r e p o r t e d  t o  have a c o m p a r a t i v e l y  s im p l e  s t r u c t u r e  u n d e r n e a t h  t h e  a r r a y  
(Manchee and Somers,  1966) so t h a t  t h e s e  a s s u m p t io n s  a r e  p r o b a b l y  a p p l i c a b l e  
t o  YKA d a t a .
Muirhead (1968 b) used a tw o -s te p  p rocedure  f o r  c o nd u c t i ng  a s low­
ness and az imuth  search on WRA d a ta .  F i r s t ,  in  a coarse  search ,  the  azimuth 
was v a r i e d  in s teps o f  9° f o r  a l l  t e l e s e i s m i c  v e l o c i t i e s  wh ich were aga in  
v a r i e d  in s teps  o f  1 km /s . A f i n e  search was then made around the  p o in t  
de te rm ined  by the  coarse  search by v a r y in g  the  azimuth  and v e l o c i t y  in 
steps o f  1° and 0.4  km/s r e s p e c t i v e l y .  To o b t a i n  rough but  q u i c k  e p i c e n t r a l  
l o c a t i o n s  a t  GBA (Ram D a t t  e t  a l . , 1 9 6 9 ) ,  d e lay s  were in t roduced  in a manner 
s i m i l a r  t o  t h a t  o f  We ichert  et_ a_l_. (1967).  F in e r  e s t im a te s  o f  the  de lays  
to  a f r a c t i o n  o f  the  sampl ing i n t e r v a l  were ob ta in ed  on the  b as is  o f  the  
measured c o r r e l a t i o n  c o e f f i c i e n t s .  T h is  approach was l a t e r  extended to  
o n - l i n e  p rocess in g  o f  GBA data  on a TDC-12 computer .  Here, SNR enhancement 
f o r  d e t e c t i o n  purpose was o b ta ined  by i n s e r t i n g  i n t e g r a l  d e la y s ,  and
8i n t e r p o l a t i o n  of  t he  f i n e r  de l ays  was c a r r i e d  out  in an " o f f - l i n e "  mode 
only  a f t e r  an event  had appeared to have occurred (Ram Dat t  and D i l i p  Kumar, 
1973)- When seeking more r e a l i s t i c  e s t i m a t e s  of  apparen t  v e l o c i t y  and 
d i r e c t i o n  Mui rhead ' s  approach (1968 b) was adopted t o  c a r r y  out  t he  sea r ch  
on an o f f - l i n e  machine on s e l e c t e d  even t s  o n l y .
Cleary  e t  a l . (1968) used a v i s u a l  matching t e chn i que  f o r  
de t e rmin i ng  t he  r e l a t i v e  onse t  t imes  a t  d i f f e r e n t  s ensor  l o c a t i o n s .  For 
s i g n a l s  wi th  good SNR they could o b t a i n  a c c u r a c i e s  as  good as  0.01 seconds 
f o r  f i r s t  a r r i v a l s  on WRA r e c o r d s .  King e t  a l . (1973) ,  Simpson (1973) ,  
Simpson e t  a 1 . (197*0 and King (197*+) used an a d a p t i v e  p roces s i ng  t e chn i que  
(Gangi and F a i r bo r n ,  1968) f o r  measur ing t he  ap p a r en t  v e l o c i t i e s  of  s u c c e s s ­
ive a r r i v a l s .  Here,  an a r r a y  beam is formed wi th  approximate  v a l u e s  of
t  hs ignal  p a r ame t e r s .  The 1 channel  i s  then s u b t r a c t e d  from t he  beam and
t  hthe  d e p l e t e d  beam is c o r r e l a t e d  wi th  t he  1 channel  t o  de t e rmine  the  ac t ua l
d e l ay  c o r r e spond i ng  t o  t he  1*"^  cha n n e l .  With t he  new computed d e l a y ,  the  
t  hI channel  is  then added back to  t he  d e p l e t e d  beam and t he  co r r e spond i ng
de l ay  i s  s t o r e d .  This  p roces s  is  r epea t ed  f o r  a l l  channe l s  and con t inued
u n t i l  a convergence  is achieved between two s uc c e s s i v e  i t e r a t i o n s .
Adapt ive  p r oces s i ng  emphasizes  p a r t i c u l a r l y  t h e  d e v i a t i o n s  of  t h e  ac t ua l
r e l a t i v e  o ns e t  t imes  from t hose  computed on t h e  b a s i s  of  a plane  wavef ron t .
This  method of  e s t i m a t i n g  p ropaga t i on  d e l a y s  i s  a p p l i c a b l e  t o  r ec o r ds  wi th
l a rge  SNR but  l e ads  to  e r roneous  r e s u l t s  when SNR is low, because then the
no i s e  c o n t r i b u t e s  more to t he  computed c o r r e l a t i o n s  than the  s i g n a l .
A n o n l i n e a r  p r oces s i ng  t e c h n i q u e  c a l l e d  t h e  N ^  root  p roces s
(Muirhead,  1968 a ;  Kanasewich et^ a_l_., 1973) was i n v e s t i g a t e d  in d e t a i l  a t
t he  beginning of  t h i s  r e s e a r c h .  P a r t i c u l a r  a t t e n t i o n  was given to  t he
problem of  de t e r mi n i ng  appa re n t  v e l o c i t y  (Muirhead and Ram Da t t ,  1976).
Here,  one t a k e s  t he  N roo t  of t he  s i n g l e  ins t rument  t r a c e  amp l i t udes
be f o r e  adding them to  form t h e  p a r t i a l  sums, and the  sums a r e  r a i s e d  to  the  
t hN power ( p r es e r v i n g  t he  a l g e b r a i c  s ign  of  t he  number each t ime)  be f o r e
9t  hm u l t i p l y i n g .  The p o t e n t i a l  o f  the  N r o o t  process w i t h  re sp ec t  to
s ig n a l  d e t e c t i o n  and e s t i m a t i o n  c h a r a c t e r i s t i c s  was i n v e s t i g a t e d  using
s y n t h e t i c  s i g n a l s  and no ise  b e fo re  i t  was a p p l i e d  to  se ism ic  d a ta .  When
t  hi t  was e s ta b l i s h e d  t h a t  the  N ro o t  process p rov ided  s i g n i f i c a n t  improve­
ments in SNR and s igna l  v e l o c i t y  r e s o l u t i o n  (Chapter  2) i t  was chosen f o r  
measur ing apparen t  phase v e l o c i t i e s  o f  se ism ic  a r r i v a l s  in o rd e r  t o  s tudy 
the  f i n e  s t r u c t u r e  o f  the P-wave v e l o c i t y  d i s t r i b u t i o n  in the  i n t e r i o r  o f  
the  e a r t h .
1.2 dT/dA MEASUREMENTS USING ARRAYS.
The t r a v e l  t imes o f  the  se ism ic  body waves which t r a v e l  th rough  
the  i n t e r i o r  o f  the  e a r th  a re  the  most d i r e c t l y  measurable q u a n t i t i e s  used 
in d e r i v i n g  the  i n t e r n a l  s t r u c t u r e  o f  the  e a r t h .  These are  d i r e c t l y  r e l a t e d  
to  the  v e l o c i t y  d i s t r i b u t i o n  in the  i n t e r i o r  th rough  the  Herg 1 o t z - W ie c h e r t  
e qu a t io n  ( B u l l e n ,  1963) th rough t h e i r  d i s t a n c e  d e r i v a t i v e ,  v i z . dT/dA.
D i r e c t  measurement o f  dT/dA have been made s ince  the  e a r l y  1 96 0 's 
us ing  se ism ic  a r r a y s .  V e l o c i t y  models have been ob ta ined  by N iaz i  and 
Anderson (1965) and Johnson (1967, 69) us ing  the  TFSO a r r a y  and by Ch innery  
and Toksöz (1967) and Ch innery (1969) u s in g  the  LASA. Kanamori (1967) made 
dT/dA measurements a t  the  Wakayama m ic roea r thquake  o b s e r v a t o r y .  The 
medium a p e r t u r e  a r r a y s  o f  the  U .K .A .E .A .  were used by Gopa1k r ishanan  (1969),  
C o rb is h le y  (1970),  W r igh t  (1970 a,  b) , W r igh t  and C lea ry  (1972),  Simpson 
(1973),  King (197*0,  Simpson et_ a_]_. (197*+), and Ram Dat t  and Muirhead (1976, 
11) .  A r ray  s t u d ie s  p ro v id e  dT/dA e s t im a te s  over  a l i m i t e d  range o f  A and 
enab le  r e s o l u t i o n  o f  the  m inor p e r t u r b a t i o n s  in the  dT/dA-A cu rve .  In 
a r r a y  measurements o f  dT/dA i t  is  as necessary  to  a l l o w  f o r  e f f e c t s  o f  c r u s t  
and upper man t le  s t r u c t u r e  as i t  is  in t r a v e l  t ime s t u d ie s .  However, 
because o f  the  reduced d imens ions o f  the  a r r a y  compared to  a l a r g e  network  
o f  s t a t i o n s ,  t h e  accuracy  t o  wh ich these  e f f e c t s  a re  re q u i re d  to  be known 
is  much g r e a t e r .  Whereas t r a v e l  t ime s tu d ie s  p ro v id e  an average v e l o c i t y
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s t r u c t u r e  o v e r  a l a r g e  area  o f  t h e  o b s e r v a t i o n s ,  a r r a y  measurements a l l o w  
d e r i v a t i o n  o f  v e l o c i t y  models  wh ich  a r e  b e t t e r  r e p r e s e n t a t i v e s  o f  p a r t i c u l a r  
r e g i o n s .  A r r a y s  a l s o  a l l o w  a n a l y s i s  o f  l a t e r  a r r i v a l s  on t h e  b a s i s  o f  t h e i r  
a p p a r e n t  v e l o c i t i e s .  A c c u ra c y  o f  a r r a y  d e t e r m i n a t i o n s  i s  l i m i t e d  by a r r a y  
g e o m e t r y  and the  l o c a t i o n  o f  t h e  a r r a y  w i t h  r e s p e c t  t o  t h e  s o u rc e  ( K e l l y ,  
1964 ) .  T he re  a r e  c e r t a i n  f a v o u r a b l e  d i r e c t i o n s  f o r  any a r r a y  o f  t h e  
U . K . A . E . A .  t y p e .  For  i n s t a n c e ,  beam - fo rm ing  a lo n g  t h e  l i n e  j o i n i n g  t h e  
f a r t h e s t  p o i n t s  o f  t he  a r r a y  p r o v i d e s  maximum r e s o l u t i o n  as w e l l  as maximum 
p r e c i s i o n  in  t h e  d e t e r m i n a t i o n  o f  a p p a r e n t  v e l o c i t i e s  whereas t h e  d i r e c t i o n  
a t  r i g h t  a n g le s  t o  t h i s  i s  bes t  s u i t e d  f o r  d e t e r m i n i n g  a z i m u t h s .  Whereas 
a s h o r t  a r r a y  r e s u l t s  in  a poor  d i r e c t i o n a l  re s p o n s e ,  t h e  in c r e a s e d  d im e n ­
s i o n s  i n t r o d u c e  e r r o r s  due t o  i nc reas ed  i n h o m o g e n e i t i e s  in  t h e  ne igh b o rh o o d  
o f  t h e  a r r a y .  T h e r e f o r e  t h e  a c c u r a c y  o f  measurements t h a t  can be o b t a i n e d  
u s i n g  a p a r t i c u l a r  a r r a y  i s  l i m i t e d  and c a n n o t  be v e r y  much i n c r e a s e d  by 
s i m p l y  a l t e r i n g  t h e  number o f  senso rs  ( c f . S e c t i o n  1 .1 )  in  t h e  a r r a y  o r  i t s  
d i m e n s i o n s .  T he re  i s  a l s o  t h e  prob lem  w i t h  a l a r g e  a p e r t u r e  a r r a y  t h a t  t h e  
s e c o n d a ry  a r r i v a l s  g e t  smeared o u t  because o f  th e  a r r a y  d i m e n s io n s  l a r g e r  
compared t o  s i g n a l  w a v e l e n g t h ,  so t h a t  t h e i r  a p p a r e n t  v e l o c i t i e s  canno t  be 
r e a d i l y  measured .  A p p l i c a t i o n  o f  s i g n a l  p r o c e s s i n g  t e c h n i q u e s ,  how ever ,  
makes p o s s i b l e  in c re a s e d  a c c u r a c y  and r e s o l u t i o n  in  a r r a y  measurem en ts .  The 
ad v a n ta g e s  o f  a r r a y  measurements o u t w e ig h  t h e  d i s a d v a n t a g e s  because o f  t h e  
q u a n t i t y  and q u a l i t y  o f  th e  d a ta  t h e y  p r o v i d e .
The i n v e r s i o n  o f  s u r f a c e  wave and f r e e  o s c i l l a t i o n  d a ta  i s  
a s s o c i a t e d  w i t h  a n o n - u n iq u e n e s s  o f  th e  s o l u t i o n s  t h a t  s a t i s f y  t h e  o b s e r ­
v a t i o n a l  d a t a  (Backus and G i l b e r t ,  1967, 6 8 ,  7 0 ) .  For  i n s t a n c e ,  D z iew onsk i  
(1970)  has p o i n t e d  o u t  t h a t  in  m o d e l l i n g  such d a ta  a change in  shea r  v e l o c i t y  
a t  d e p t h s  o f  260-600  km can be compensated f o r  by c hang in g  th e  d e n s i t y  a t  
d e p t h s  o f  70 -170  km. I t  i s  th u s  i m p o r t a n t  t h a t  t h e  body wave v e l o c i t y  
d i s t r i b u t i o n s  a r e  d e t e r m in e d  w i t h  t h e  maximum p o s s i b l e  p r e c i s i o n  f r o m  dT/dA 
measurements ,  so t h a t  t h e  s u r f a c e  wave and f r e e  o s c i l l a t i o n  d a ta  can be
u t i l i z e d  to  s tudy t he  shear  wave l o w - v e l o c i t y  zones and the  d e n s i t y  d i s t r i -  
b u t i o n .
1.3 SEISMIC WAVE VELOCITIES INSIDE THE EARTH.
Two c l a s s i c a l  v e l o c i t y  d i s t r i b u t i o n s  which s e rve  as  r e f e r e n c e s  
even t oday  a r e  t hose  of J e f f r e y s  (1939) and Gutenberg (1959 a ) .  Al though 
t h e s e  d i s t r i b u t i o n s  a r e  f a i r l y  s i m i l a r  in t h e  lower ma n t l e ,  t he  d i s t r i b u t i o n  
of Gutenberg shows a l ow - ve l o c i t y  l aye r  a t  a dept h  o f  80 km, whereas  t h a t  of  
J e f f r e y s  i n d i c a t e s  a sharp  v e l o c i t y  i n c r e a s e  a t  a depth  of  413 km. Sur face  
wave d i s p e r s i o n  s t u d i e s  have now conf i rmed t h e  e x i s t e n c e  o f  an S l ow - ve l ­
o c i t y  l a y e r ,  which co r r esponds  to  t h e  Gutenberg l o w - v e l o c i t y  zone,  a t  l e a s t  
in some r eg i ons  ( P r e s s ,  1959; Takeuchi  et_ aj_., 1959; Dorman et_ a]_., I 960) .  
Sur f ace  wave s t u d i e s  a l s o  i n d i c a t e  two zones  o f  r ap i d  i nc r e a s e  in v e l o c i t y  
wi th  dep t h  between 350-450 km and 600-700 km (Anderson and Toksöz,  1963; 
Toksöz and Anderson,  1966 ; Toksöz e t  a 1. ,  1967) « Sur face  wave d i s p e r s i o n  
r e s u l t s ,  however,  d i f f e r  f o r  pa t hs  t hrough t he  oceans ,  s h i e l d s  and t e c t o n ­
i c a l l y  a c t i v e  r eg i ons  demons t r a t i ng  t h a t  t h e  concep t  of  a s p h e r i c a l l y  
symmetr ic e a r t h  is  no longer  t e n a b l e  (Kanamori ,  1970; Dziewonski ,  1971;
Wu, 1972) .  S t ud i e s  should ,  t h e r e f o r e ,  be c a r r i e d  out  on a r eg i ona l  
b a s i s ,  so t h a t  t he  de r ived  s t r u c t u r e s  r e p r e s e n t  a c t u a l  c o n d i t i o n s  i n s id e  
t he  e a r t h .
Since  t he  development  of  a r r a y s  i t  has become p o s s i b l e  t o  measure 
dT/dA f o r  l a t e r  a r r i v a l s  t o  i nc lude  them in t h e  i n ve r s i on  of t r a v e l  t ime 
d a t a .  Niazi  and Anderson (1965) i d e n t i f i e d  two ab r u p t  changes  in t he  
appa re n t  phase v e l o c i t y  of  the  f i r s t  a r r i v a l  a t  e p i c e n t r a l  d i s t a n c e s  
near  17° and 24° f o r  s i g n a l s  from nor t h  American sources  recorded a t  t he  
TFSO a r r a y .  These abrup t  changes were i n t e r p r e t e d  in terms of  v e l o c i t y  
d i s c o n t i n u i t i e s  in t he  upper mant l e  a t  d e p t hs  near  320 and 640 km. Using 
LRSM r ec o r d i ng s  in t he  Uni ted S t a t e s ,  Archambeau et_ aj_. (1966) showed 
t he  e x i s t e n c e  of  a l o w - v e l o c i t y  zone (LVZ) a t  dep t hs  near  130 km. The i r  
o b s e r v a t i o n s  showed t h a t  t h e  t r i p l i c a t i o n  in t h e  t r a v e l  t ime curve a s s o c i a t e d
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wi t h  the  LVZ was not  very well  d e f i n e d ,  i n d i c a t i n g  t h a t  t he  l ow - ve l o c i t y  
l a ye r  was poor ly  developed.  Lat er  i n v e s t i g a t i o n s  showed t h a t  the  low- 
v e l o c i t y  l a ye r  was much more pronounced in r eg i ons  o f  r ec e n t  t e c t o n i c  
u p l i f t s  than in s h i e l d  r e g i o ns ,  where i t  was poor ly  developed (see Hales ,
1972, f o r  a r e v i e w ) .
A s y s t e m a t i c  s tudy of  the  v a r i a t i o n  of  s lowness  dT/dA ( i n ve r s e  
of  t he  a p p a r en t  phase v e l o c i t y )  wi th  e p i c e n t r a l  d i s t a n c e  A us ing an a r r a y  
was c a r r i e d  ou t  by Johnson (1967)- Using f i r s t  and l a t e r  a r r i v a l s  from 49 
e v e n t s ,  he c o n s t r u c t e d  a dT/A-A curve fo r  e p i c e n t r a l  d i s t a n c e s  l e s s  than 30° 
and i nve r t ed  t he se  o b s e r v a t i o n s  to o b t a i n  a v e l o c i t y  d i s t r i b u t i o n  f o r  the  
upper  man t l e .  His r e s u l t s  (Figure  1.2) showed four  d i s t i n c t  branches  in 
t he  t r a v e l  t ime curve  in t h i s  d i s t a n c e  range:
1. A phase wi th  an appa re n t  phase v e l o c i t y  of  about  7-8 km/s (14.2
s /deg)  and having an ampl i t ude  which decreased  wi th  d i s t a n c e  was the
f i r s t  a r r i v a l  a t  d i s t a n c e s  l e s s  than 12°. Johnson i d e n t i f i e d  t h i s
wi th  the  P phase,  n
2.  Beyond 12°-13° t he  f i r s t  a r r i v a l  had an appa r e n t  phase v e l o c i t y  
of  8 . 5  km/s (13 s / d e g ) .  This  branch ,  which commenced a t  9° ,  was 
i n t e r p r e t e d  to have emerged from the  bot tom of  t he  LVZ.
3 . Beyond  17°- 18° t he  f i r s t  a r r i v a l  had an ap p a r en t  phase v e l o c i t y  
o f  about  10.3 km/s (10.8 s / d e g ) .  Thi s  phase was thought  to have been 
r e f r a c t e d  through a r eg ion  of  high v e l o c i t y  g r a d i e n t  near  400 km 
dept h .
4. Beyond  2 3° _24° a f o u r t h  phase wi th  an appa r e n t  phase v e l o c i t y  of  
12.2 km/s (9-1 s /deg)  was t he  f i r s t  a r r i v a l .  Thi s  phase i n d i ca t e d
a d i s c o n t i n u o u s  (or r ap id)  v e l o c i t y  i n c r e a s e  a t  a depth near  650 km.
The two r eg i ons  o f  v e l o c i t y  i n c r e a s e  near  400 and 650 km depths  
were e s t i ma t ed  to show a t o t a l  v e l o c i t y  i n c re a s e  of  9"10%. Anderson (1967) 
a s c r i b e d  the  shape and t h i c k n e s s  of  t h e s e  t r a n s i t i o n s  to  phase changes  in 
the  upper  mant l e .  The v e l o c i t y  i nc r e a se  near  400 km depth  was d e s c r i b e d  by
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F igu re 1 .2 P-wave v e l o c i t y  model and t h e  c o r r e s p o n d i n g  s lo w ness  and 
t r a v e l  t im e  c u r v e s  o f  Johnson (1 9 6 7 ) .
14
him t o  be c o n s i s t e n t  w i t h  a t r a n s f o r m a t i o n  o f  m a g n e s iu m - r i c h  o l i v i n e  t o  a 
s p i n e l  s t r u c t u r e ,  w h ic h  aga in  t r a n s f o r m e d  near  650 km t o  a p o s t - s p i n e l  
phase w i t h  the  p r o p e r t i e s  o f  component o x i d e s .  L a t e r ,  Anderson  (1968) 
p o i n t e d  o u t  t h a t  t h e  i n c r e a s e  in  th e  s e i s m i c  v e l o c i t y  was l e s s  t han  t h a t  
p r e d i c t e d  on th e  b a s i s  o f  t h e  phase changes .  He sugges te d  an i n c r e a s e  in 
mean a t o m i c  w e i g h t  o f  t he  m a n t l e  m a t e r i a l  by abou t  1 .5  t o  1 .6  u n i t s  as a 
r e s u l t  o f  a p o s t u l a t e d  i n c r e a s e  in t h e  FeO/(FeO+MgO) r a t i o .  However ,  
s t u d i e s  o f  t he  p o l y m o r p h i c  phase t r a n s f o r m a t i o n s  (L ieb e rm a n n ,  1972, 1973 a,  
b,  c ;  L iebe rmann and Ringwood,  1973) showed t h a t  i t  was n o t  n e c e s s a r y  t o  
i n c r e a s e  the  mean a t o m i c  w e i g h t  to  e x p l a i n  t h e  v e l o c i t y  i n c r e a s e ,  w h ic h  was 
s m a l l e r  th an  t h a t  p r e d i c t e d  by B i r c h ' s  law ( B i r c h ,  1961 a ,  b ) . L i e b e r m a n n 's  
o b s e r v a t i o n s  f o r  m a t e r i a l s  u nde rgo ing  o l i v i n e - s p i n e l ,  o l i v i n e - b e t a  phase ,  
q u a r t z - r u t i l e ,  p y r o x e n e - g a r n e t ,  p y r o x e n e - i 1 m e n i te  and i l m e n i t e - p e r o v s k i t e  
phase t r a n s f o r m a t i o n s  i n d i c a t e d  t h a t  t h e  i n c r e a s e  in s e i s m i c  v e l o c i t y  a c r o s s  
a phase t r a n s f o r m a t i o n  boundary was d e t e r m in e d  by B i r c h ' s  law o n l y  i f  the 
t r a n s f o r m a t i o n  r e s u l t e d  f r om  c l o s e r  p a c k in g  w i t h  no change in t he  c a t i o n -  
a n i o n  c o o r d i n a t i o n .  I f  t h e r e  was a change in c a t i o n - a n i o n  c o o r d i n a t i o n  
( c o e s i t e - r u t i 1e t r a n s f o r m a t i o n  f o r  example )  th e  s lo p e  o f  t h e  v e l o c i t y -  
d e n s i t y  c u r v e  d e c r e a s e d ,  r e s u l t i n g  in a s m a l l e r  v e l o c i t y  i n c r e a s e .  More 
a c c u r a t e  measurements o f  s e i s m i c  v e l o c i t y  would  p r o b a b l y  h e lp  in i d e n t i f y i n g  
th e  n a t u r e  o f  t h e s e  t r a n s f o r m a t i o n s .
H e lmberger  and W ig g in s  (1971)  and W igg ins  and Helmberger  (1973)  
computed s y n t h e t i c  se ismograms f o r  assumed v e l o c i t y  s t r u c t u r e s  t o  i d e n t i f y  
t he  f i r s t  and l a t e r  a r r i v a l s .  T h e i r  r e s u l t s  s u p p o r t e d  t h e  p resence  o f  two 
d i s c o n t i n u i t i e s  in  v e l o c i t y  a t  dep ths  near  430 and 660 kms ( F i g u r e  1 . 3 ) .
The s t a r t i n g  and e n d in g  p o i n t s  o f  the  measured b ranches  in J o h n s o n ' s  model 
and in  t h a t  o f  H e lm berge r  and W ig g ins  were n e a r l y  t h e  same, bu t  t h e r e  were 
d i f f e r e n c e s  in t h e  n a t u r e  o f  t h e  t r a n s i t i o n s .  On t h e  b a s i s  o f  th e  observed  
r e f l e c t i o n s ,  H e lm be rge r  and W igg ins  p r e d i c t e d  a v e l o c i t y  i n c r e a s e  o f  
ab o u t  5 % o v e r  a d e p t h  o f  l e s s  than 10 km u n l i k e  t h e  smooth t r a n s i t i o n  in
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F i g u r e  1.3 P-wave v e l o c i t y  model and t h e  c o r r e s p o n d i n g  s lo w ness  and 
t r a v e l  t im e  c u r v e s  o f  H e lmberger  and W igg ins  ( 1 9 7 1 ) .
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J o h n s o n ' s  model .  They p o i n t e d  o u t ,  however ,  t h a t  t h e i r  model d i d  no t  
s a t i s f y  J o h n s o n ' s  d a t a ,  and suggested  t h a t  r e g i o n a l  v a r i a t i o n s  were p r o b a b l e .  
An i m p o r t a n t  f e a t u r e  o f  th e  o b s e r v a t i o n s  made by H e lmberger  and W ig g in s  was 
a sm a l l  a m p l i t u d e  a r r i v a l  a t  19° .  On t h e  b a s i s  o f  t h i s  sm a l l  a m p l i t u d e  t h e y  
argued  t h a t  t h e  dT /d A-A  c u r v e  was f l a t  o v e r  t h e  d i s t a n c e  range  l 8 ° - 2 4 °  and 
t h e i r  p-A c u r v e  was d i f f e r e n t  f r o m  t h a t  o f  Johnson .  I t  s h o u ld  be p o i n t e d  
o u t  he re  t h a t  t h e r e  were n o t  s u f f i c i e n t  o b s e r v a t i o n s  t o  e s t a b l i s h  w h ich  was 
th e  a c t u a l  s i t u a t i o n .  L a rg e r  a m p l i t u d e s  o f  t h e  f i r s t  a r r i v a l s  near  21° were 
a s s o c i a t e d  w i t h  a h ig h  v e l o c i t y  g r a d i e n t  n ea r  550 km d e p t h ,  whereas  some 
l a r g e  a m p l i t u d e  a r r i v a l s  between 21° and 23° were a t t r i b u t e d  t o  a v e l o c i t y  
de c re a s e  near  300 km d e p th .  R e s u l t s  f r o m  t h e  Warramunga s e i s m i c  a r r a y  
(Simpson e t  a l . , 1974) a l s o  i n d i c a t e d  a h i g h - v e l o c i t y  g r a d i e n t  nea r  520 km 
d e p th  ( F i g u r e  1 . 4 ) .  The h i g h - v e l o c i t y  g r a d i e n t  near  520 km d e p t h  was 
i n f e r r e d  by Simpson e t  a l . (1974)  f r o m  a suspec ted  t r i p l i c a t i o n  in  t h e  t r a v e l  
t i m e  c u r v e  o v e r  2 -3  deg rees  nea r  2 1 ° .  Ande rson  (1970) o f f e r e d  an e x p l a n a t i o n  
o f  t h i s  h ig h  v e l o c i t y  g r a d i e n t  in te rm s  o f  a p y r o x e n e - g a r n e t - o l i v i n e  com­
p o s i t i o n  o f  t h e  m a n t l e ,  in  w h ic h  py roxene  d i s p r o p o r t i o n a t e d  t o  s p i n e l  p l u s  
s t i s h o v i t e  and th e n  t o  o x i d e s ,  i n t r o d u c i n g  a r e g i o n  o f  h i g h  v e l o c i t y  g r a d i e n t  
a t  t h i s  d e p t h .  In some o f  t h e  s t u d i e s  (Masse et_ a l  . , 1 9 7 2 ;  Simpson et_ a 1 . ,  
1974) th e  400 km d i s c o n t i n u i t y  was r e s o l v e d  i n t o  two d i s c o n t i n u i t i e s  a t  
d e p th s  near  330 and 420 km r e s p e c t i v e l y .
A l t h o u g h  a u n i f o r m  v e l o c i t y  i n c r e a s e  in s e i s m i c  v e l o c i t i e s  was 
accep ted  as i t  e x i s t e d  in  t h e  models  o f  J e f f r e y s  and Gutenberg  f o r  t h e  lower  
m a n t l e ,  d e v i a t i o n s  were r e p o r t e d  by v a r i o u s  a u t h o r s  on t h e  b a s i s  o f  t he  
measured v a lu e s  o f  s lowness  f o r  t h e  f i r s t  a r r i v a l  ( C h in n e r y  and T o k s ö z ,  1967; 
W r i g h t ,  1968; Archambeau e t  a l  ., 1969 ; J o h n s o n ,  1989;  C h o r b i s h l e y ,  1970; 
W r i g h t  and C l e a r y ,  1972) .  The t r e n d  in  t h e  s c a t t e r  o f  t h e  measured s l o w ­
nesses was i n t e r p r e t e d  as an i n c r e a s e  in  s lo w ness  between 32° and 35° •  A 
l o w - v e l o c i t y  l a y e r  a t  a d e p th  near  800 km was i n f e r r e d  by W r i g h t  ( 1 9 6 8 ) .  
W r i g h t  and C l e a r y  (1972)  suggested  low v e l o c i t y  g r a d i e n t s  in  t h e  lower
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F i g u r e  1.4 P-wave v e l o c i t y  model and th e  c o r r e s p o n d i n g  s lowness  
and t r a v e l  t im e  c u r v e s  o f  Simpson et_ aj_. (1 9 7 4 ) .
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mantle between 800-850 km, 1070-1110 km, 1260-1330 km, 1750-1850 km and 
2460-2600 km. They also suggested high velocity gradients between 1160-1220 
km, 2180-2370 km and 2700-2750 km. High and low velocity gradients in the 
lower mantle were also indicated by other studies, although at varied depths 
(Archambeau et a 1.,1969; Johnson, 1969; Chinnery, 1989; Corbishley, 1970).
Although interpretations regarding the nature of the velocity 
gradients in the upper mantle were usually based on later arrivals, those in 
the lower mantle remained quite subjective. Differences in various studies 
often resulted either because of the differences in the density of observa­
tions or a choice of a dT/dA-A curve out of many possible ones with little 
supporting evidence for doing so. For instance, in terms of a dT/dA smoothly 
varying with epicentral distance Johnson (1989) inferred high velocity grad­
ients (curve a in Figure 1.5) whereas Chinnery and Toksöz (1987), Toksoz 
et a 1. (1987), Chinnery (1989), Wright (1968, 1970) and Wright and Cleary 
(1972) inferred low velocity gradients (curve b Figure 1.5)- The non-unique­
ness of these results could be lessened if later arrivals could be detected 
and their slowness and travel time were measured. Also, if the end points 
of the travel time triplication branches were determined the velocity dis­
tribution could be determined with more precision.
1.4 M 1NERALOGI CAL CONSIDERATIONS.
Ringwood constructed the Pyrolite model to explain the behaviour 
of the seismic velocities in the mantle (Ringwood, 1986, 1975). In this 
model the mineralogy near 150 km depth comprises olivine (57%), 
orthopyroxene (17%), clinopyroxene (12%) and pyrope-rich garnet (14%).
These minerals are characterized by a four-fold coordination of silicon and 
six- and eight-fold coordinations of Mg, Fe and Ca with respect to oxygen. 
Possible phase transformations in pyrolite as a result of pressure and 
temperature are used to explain and predict the nature of the velocity 
gradients in the mantle.
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F i g u r e  1 . 5  D i a g r a m t o  i l l u s t r a t e  two d i f f e r e n t  i n t e r p r e t a t i o n s  o f  t h e
P-A d a t a .
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I t  has been sugges ted by Ringwood t h a t  a s o l i d  s o l u t i o n  o f  
p y ro x e n e  t r a n s f o r m s  i n t o  a g a r n e t  s t r u c t u r e  a t  a d e p th  nea r  330 kms. T h i s  
t r a n s f o r m a t i o n  i n v o l v e s  an e f f e c t i v e  d e n s i t y  i n c r e a s e  o f  abou t  10% f o r  t h e  
p y rox ene  componen t ,  w h ich  c o m p r i s e s  some 29% o f  t he  p y r o l i t e .  The t o t a l  
d e n s i t y  i n c r e a s e ,  t h e n ,  i s  a b o u t  2 .5%, g i v i n g  r i s e  t o  a P-wave v e l o c i t y  
i n c r e a s e  o f  0 .3  km/s a t  t h i s  d e p t h .  A l a r g e  p o r t i o n  o f  t h i s  i n c r e a s e  
is  e x p e c te d  t o  o c c u r  w i t h i n  a n a r r o w  d e p t h  i n t e r v a l ,  w i t h  t he  rem a in d e r  be ing  
smeared o v e r  g r e a t e r  dep th  i n t e r v a l s .
The n e x t  t r a n s i t i o n  t o  o c c u r  in t h i s  model i s  t h a t  o f  o l i v i n e  
t h r o u g h  s p i n e l ,  o r  d i r e c t l y ,  depend ing  on the  i r o n  c o n t e n t ,  t o  a be ta  phase.  
T h i s  t r a n s i t i o n  i s  expec ted  t o  o c c u r  o v e r  a d e p th  i n t e r v a l  o f  ab o u t  30 km, 
c e n t r e d  a round  A00 km d e p t h ,  and a f i r s t  o r d e r  d i s c o n t i n u i t y  may o c c u r .  
Between 500 and 550 km t h e  be ta  phase may t r a n s f o r m  t o  s p i n e l ,  i n v o l v i n g  a 
v e l o c i t y  i n c r e a s e  o f  0 .1A km/s.  A second t r a n s i t i o n  w h ic h  c o u ld  o c c u r  
between A00 and 600 km i s  t h a t  o f  t h e  c a l c i u m  component o f  g a r n e t  i n t o  t h e  
p e r o v s k i t e  s t r u c t u r e ,  i n v o l v i n g  a v e l o c i t y  i n c r e a s e  o f  a b o u t  0.1 km/s .  These 
two phase t r a n s f o r m a t i o n s  d e t e r m i n e  the  n a t u r e  o f  t h e  t r a v e l  t im e  c u r v e  
between A00 and 600 km d e p t h s .
In t h i s  m ode l ,  a number o f  phase t r a n s f o r m a t i o n s  a r e  p o s s i b l e  in  
t h e  d e p t h  range 650-800  km. These i n c l u d e  t h e  f o l l o w i n g :
1. (Mg, Fe) SiO^ s p i n e l  s t r u c t u r e  d i s p r o p o r t i o n a t e s  t o  p e r o v s k i t e
and r o c k  s a l t  ( c f ;  L i u ,  1976 ) ;
2.  P y r o p e - r i c h  g a r n e t  t r a n s f o r m s  to  an i l m e n i t e  s t r u c t u r e ;
3. C a l c i u m - r i c h  g a r n e t  t r a n s f o r m s  t o  p e r o v s k i t e  s t r u c t u r e ;
A. Sodium a l u m i n o s i l i c a t e  component o f  g a r n e t  t r a n s f o r m s  to
a c a l c i u m  f e r i t e  s t r u c t u r e .
An a l t e r n a t i v e  t o  (1) has been sugges te d  where (Mg, Fe) SiO^ 
t r a n s f o r m s  t o  a s t r o n t i u m  p lum ba te  s t r u c t u r e ,  w h ic h  a t  s t i l l  h i g h e r  p r e s s u r e s  
t r a n s f o r m s  t o  mixed o x i d e s .  The o c c u r r e n c e  o f  a l l  t h e s e  t r a n s f o r m a t i o n s  a t
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the same depth is unlikely. According to Ringwood, the (Mg, Fe) SiO^ 
transformation may occur in a relatively narrow depth range to cause the 
650 km discontinuity. But the transformation of garnet to ilmenite and 
related structures may occur at greater depths. For instance, Ringwood 
suggests, a Mg-garnet to ilmenite transformation, which may cause abnorm­
ally high velocity gradients, may occur at depths between 700 and 800 km.
The Pyrolite model thus casts some doubts on the concept that there is 
only one discontinuity between the depths of 600 and 900 km.
Although the above types of transformations are probably complete 
by about 800 km, further transformations to denser states at greater depths 
are possible in the model. In general, further transformations in the deep 
mantle over a pressure range of 300-1300 kilobars are not unlikely when 
considered in relation to the number of transformations which occur at 
pressures less than 300 kilobars. Ringwood (1975) has listed the possible 
transformations that lead to densities higher than those of the isochemical 
mixed oxides. These transformations produce mineralogies which are charact­
erized largely by eight-fold coordinated Mg and Fe. All these transforma­
tions are accompanied by an increase in density and seismic velocity. The 
total increase is, however, constrained by the average density of the earth 
and the seismic velocity at the base of the mantle.
Mineralogical considerations therefore predict the possibility 
of high velocity gradients at depths greater than 650 km.
1.5 SCOPE FOR INVESTIGATIONS.
In spite of the agreement on the existence of the major velocity 
discontinuities in the upper mantle and the reasonably uniform velocity 
gradients in the lower mantle, there are many questions that need to be 
answered in order to delineate the fine structure of the P-wave velocity. 
Apart from the existence of the high velocity gradients at depths near 
kOO and 650 km depths, it remains to be seen:
22
how sha rp  th e  t r a n s i t i o n s  a r e ,
. i f  t he  400 km d i s c o n t i n u i t y  i s  a m u l t i p l e  one as p r e d i c t e d  by 
t h e  P y r o l i t e  mode l ,
. t o  what  d i s t a n c e s  the  t r i p l i c a t i o n  b ranches  e x t e n d ,
i f  t h e  t r i p l i c a t i o n  near  21° a s s o c i a t e d  w i t h  th e  520 km 
t r a n s i t i o n  i s  r e a 1,
. w he the r  th e  dT /dA -A  c u r v e  nea r  19° i s  c l o s e r  t o  t h e  one o f
Johnson (1967)  o r  t o  t h a t  sugges te d  by He lmberge r  and W ig g in s  
( 1 9 7 1 ) ,
i f  t h e  l o w - v e l o c i t y  l a y e r  nea r  800 km d e p th  sugges ted by 
W r i g h t  (1968) i s  r e a l ,
i f  t h e r e  a r e  i n d i c a t i o n s  o f  v e l o c i t y  d i s c o n t i n u i t i e s  o r  h ig h  
v e l o c i t y  g r a d i e n t s  be low  t h e  d e p t h  o f  650 km t o  s u p p o r t  f u r t h e r  
phase t r a n s f o r m a t i o n s  in  th e  m a n t l e ,
i f  t h e  d e p th s  o f  th e  h ig h  and low v e l o c i t y  g r a d i e n t s  f o r  
P-waves and S-waves a r e  d i f f e r e n t .
A l t h o u g h  most o f  t h e s e  q u e s t i o n s  a re  t o  be examined in  te rm s  o f  
t h e  f i r s t  and l a t e r  a r r i v a l s ,  g r e a t e r  a c c u r a c y  i s  r e q u i r e d  t o  reduce  t h e  
s c a t t e r  in  t h e  measured v a l u e s  o f  s low nesses  by i n c r e a s i n g  th e  a c c u r a c y  o f  
t h e  measu rements ,  u s in g  improved measurement  p ro c e d u r e s  on the  one hand 
and c o n f i n i n g  o b s e r v a t i o n s  t o  n a r ro w  a z im u t h s  to  m i n i m i z e  th e  e f f e c t s  o f  
l o c a l  s t r u c t u r e  and a n i s o t r o p y  on the  o t h e r .  Q u a n t i t a t i v e  e s t i m a t e s  o f  
t h e  a m p l i t u d e s  o f  th e  s i g n a l  s hou ld  be i n c l u d e d ,  i f  p o s s i b l e ,  r e c o g n i z i n g  
t h e  f a c t  t h a t  t h e s e  a m p l i t u d e s  d e t e r m i n e  the  second d e r i v a t i v e  o f  t h e  
t r a v e l  t i m e  c u r v e  and t h u s ,  i f  u t i l i z e d ,  can p rove  p o w e r fu l  t o o l s  in  
c o n s t r a i n i n g  t h e  dT /dA -A  c u r v e  t o  p r o v i d e  upper  and low e r  bounds on th e  
d e r i v e d  v e l o c i t y  model (McMechan and W ig g i n s ,  1972; W ig g in s  e t  a 1 . ,  1973; 
W o r t h i n g t o n ,  1973)-  R eg iona l  v a r i a t i o n s  shou ld  be s t u d i e d  a t  th e  same 
t i m e  t o  d e t e r m i n e  s i m i l a r i t i e s  and d i f f e r e n c e s  in  t h e  o b s e r v a t i o n s .  I t
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i s  n e c e s s a r y  t o  s e l e c t  s e i s m i c  e v e n t s  in  such a way t h a t  t h e  r e q u i r e m e n t s  
in t h e  a n a l y s i s  p ro c e d u re  a r e  m o s t l y  s a t i s f i e d .  An a c c o u n t  i s  t o  be m a in ­
t a i n e d  o f  t he  d e v i a t i o n s  f r o m  t h e s e  a s s u m p t io n s  and t h e  r e s u l t i n g  e r r o r s ,  
so t h a t  n e c e s s a r y  c o r r e c t i o n s ,  i f  p o s s i b l e ,  may be a p p l i e d .  T h i s  p o i n t  
w i l l  be d i s c u s s e d  in  d e t a i l  when t h e  measurement  o f  s lo w nesses  i s  c o n s i d e r e d .
1.6  OUTLINE OF THE THESIS.
A b r i e f  o u t l i n e  o f  t h e  p r e s e n t  s t a t e  o f  a r t  v i s - a - v i s  a r r a y  
measurements and s e i s m i c  wave v e l o c i t y  s t u d i e s  has a l r e a d y  been g i v e n  in 
C hap te r  1. The prob lems  t h a t  r e q u i r e  i n v e s t i g a t i o n  have been c o n s i d e r e d  
and t h e  need t o  d e f i n e  th e  t r a v e l  t im e  c u r v e  p r e c i s e l y  has been emphas ized .
The re s e a r c h  d e s c r i b e d  in t h i s  t h e s i s  makes use o f  t h e  SNR en-
t  h
hancement c h a r a c t e r i s t i c s  o f  t he  N r o o t  p r o c e s s .  R e s u l t s  o f  t he  n u m e r i c a l
t  h
e x p e r i m e n t s  on t h e  N r o o t  p roc es s  a r e  g i v e n  in Chap te r  2.
C hap te r  3 d i s c u s s e s  t h e  t e c h n o l o g y  i n v o l v e d  in  p r o c e s s i n g  WRA 
r e c o r d s  w i t h  r e s p e c t  t o  m easu r ing  s lo w n e s s e s .  S e l e c t i o n  o f  t h e  e v e n ts  
i n c l u d e d  in t h i s  s t u d y ,  t h e  s ou rc es  o f  e r r o r s  in  t h e  measurements and 
th e  n a t u r e  o f  th e  a p p l i e d  c o r r e c t i o n s  a r e  d i s c u s s e d .
The r e s u l t s  o f  s lowness  measurements a r e  p re s e n te d  and a n a l y s e d  
in  C hap te r  k.  The a n a l y s i s  o f  f i r s t  a r r i v a l  d a t a  examined he re  p r o v i d e s  
t h e  b a s i s  o f  Chap te r  5 ,  where v e l o c i t y  d i s c o n t i n u i t i e s  in  th e  m a n t l e  a t  
d e p t h s  be low 700 km a r e  d i s c u s s e d .  E v idence  i s  p r e s e n t e d  in  C hap te r  5,  in  
f a v o u r  o f  v e l o c i t y  d i s c o n t i n u i t i e s  a t  d e p th s  nea r  750 ,  920 and 1065 km.
In C hap te r  6 ,  t h e  o b s e r v a t i o n s  w h ic h  have p r o v i d e d  s u p p o r t  f o r  th e  
l o w - v e l o c i t y  zone commencing a t  a de p th  near  200 km and t h e  h i g h  v e l o c i t y  
g r a d i e n t s  in t h e  m a n t l e  a t  d e p th s  above 700 km a r e  d i s c u s s e d .
Chap te r  7 d e s c r i b e s  the  P-wave v e l o c i t y  s t r u c t u r e  in  t h e  upper  
m a n t l e  and t h e  t r a n s i t i o n - z o n e  d e r i v e d  on th e  b a s i s  o f  t h i s  r e s e a r c h  work .  
U n c e r t a i n t i e s  in t h e  e s t i m a t e s  o f  t he  d e p th s  o f  t h e  d i s c o n t i n u i t i e s  a re  
d i s c u s s e d  u s in g  the  e x t re m a l  i n v e r s i o n  method.
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In Chapter  8,  t he  v e l o c i t y  g r a d i e n t s  in t h e  de r ived  model a r e  
d i s cus s ed  in t h e  l i g h t  of  t he  geophys ica l  and geochemical  ev i dence  about  the  
i n t e r i o r  of t he  Ea r t h .  L i mi t a t i on s  of the  d a t a  used,  v a l i d i t y  of  t he  
de r ived  model and scope and need f o r  f u r t h e r  work a r e  a l s o  d i s c u s s e d .
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CHAPTER 2
N ROOT PROCESSING OF SEISMIC SIGNALS 
2.1 INTRODUCTI ON.
SNR enhancement c h a r a c t e r i s t i c s  o f  a r r a y s  and t h e i r  a p p l i c a t i o n s  
in measur ing  s ig n a l  d i r e c t i o n s  were d iscussed  in  the  l a s t  c h a p te r .  The 
most commonly used methods o f  p rocess ing  the  o u tp u t  o f  U .K .A .E .A.  a r ra y s  
u t i l i z e  the  techn iq ue  used by B i r t i l l  and Whiteway (1965) as d esc r ibed  in 
S ec t io n  1 . 1 ( 2 ) .  The VESPA method (Dav ies et_ a_l_., 1971), in which the  t ime 
averaged p ro du c ts  (TAPs) f o r  d i f f e r e n t  s ig n a l  v e l o c i t i e s  ( i n  a g iven  
d i r e c t i o n )  are  stacked t o g e th e r  to  o b t a i n  an e s t im a te  o f  s ig n a l  v e l o c i t y ,  
is  a v a r i a t i o n  o f  t h i s  techn ique .  A d a p t i v e  p ro c e s s in g ,  which a l s o  u t i l i z e s  
the  a r r a y  beam, computes,  and emphasizes,  the  d e v i a t i o n s  f rom an assumed 
s ig n a l  w a v e f ro n t  in o rd e r  t o  d e r i v e  the  a c tu a l  s ig n a l  parameters .  Both o f  
these  methods and the v i s u a l  matching t e c h n iq u e  o f  C lea ry  e t  a l . (1968) a re  
good enough f o r  s i g n a l s  w i t h  la rg e  SNRs. Reasonably a c c u ra te  e s t im a te s  
r e s u l t  f o r  s i g n a l s  w i t h  c l e a r  o n s e ts ,  p a r t i c u l a r l y  f i r s t  a r r i v a l s ,  but  
weaker s i g n a l s  in the  presence o f  i n t e r f e r i n g  la rg e  a r r i v a l s ,  cohe ren t  no ise  
and s ig n a l  genera ted n o is e  (Key, 1967) ge t  f u r t h e r  suppressed.  Under these 
c i r c u m s ta n c e s ,  enhancement o f  SNR be fo re  e s t i m a t i n g  s ig n a l  parameters is  
r e q u i r e d  to  a l l o w  measurements on weak s i g n a l s .
t  hMuirhead (1968 a) suggested t a k i n g  th e  N ro o t  o f  the  o u tp u t s
o f  i n d i v i d u a l  seismometers be fo re  combin ing these  o u tp u t s  to  form a phased
t  ha r r a y  beam and r a i s i n g  the sums to  the  N power, p re s e r v in g  the  a l g e b r a i c
s ig n  each t im e .  He demonst ra ted t h a t  t h i s  p rocedure  helped in re duc in g
f a l s e  a la rm  r a te  w h i l e  d e t e c t i n g  se ism ic  s i g n a l s  a u t o m a t i c a l l y .  A l though
t  hthe  u s e fu ln e s s  o f  t h i s  p rocess ,  c a l l e d  the  N ro o t  p rocess ,  in e s t i m a t i n g  
the  apparen t  v e l o c i t i e s  o f  se ism ic  s i g n a l s  was a pp re c ia te d  (Muirhead,  1968 b;
X.
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W r i g h t  and M u i r h e a d ,  1969; Kanasewich e t  a l . ,  1973) l i t t l e  use was made o f  
t h e  t e c h n i q u e  f o r  such a pu rpos e .
n o i s e  i s  non -G auss ia n  (Mu i rhead  and Ram D a t t ,  1976) .  Because i t  i s  n o t
p o s s i b l e  t o  p r o v i d e  a m a th e m a t i c a l  f o r m u l a t i o n  o f  a l l  s e t s  o f  n o i s e
d i s t r i b u t i o n s ,  w h ich  can a p p r o x im a t e  t h e  s e i s m i c  n o i s e  a t  a l l  t i m e s ,  i t  i s
n o t  f e a s i b l e  t o  o b t a i n  an a n a l y t i c a l  assessment  o f  th e  p r o c e s s .  I t s
p o t e n t i a l  was t h e r e f o r e  i n v e s t i g a t e d  by n u m e r i c a l  e x p e r i m e n t a t i o n ,  u s in g
s y n t h e t i c  s i g n a l s  and s y n t h e t i c  n o i s e .  These i n v e s t i g a t i o n s  were c a r r i e d
t  h
o u t  w i t h  t he  m o t i v a t i o n  o f  u t i l i z i n g  t h e  N r o o t  p r o c e s s i n g  t e c h n i q u e
in a new d e t e r m i n a t i o n  o f  t h e  d T /d A -A  c u r v e ,  f o r  t h e  pu rpose  o f  d e l i n e a t i n g
th e  f i n e  s t r u c t u r e  o f  t he  P - v e l o c i t y  d i s t r i b u t i o n  in  t h e  i n t e r i o r  o f  t h e
e a r t h .  The s y n t h e t i c  e x p e r im e n t s  w e re ,  how eve r ,  g e n e ra l  and i n c lu d e d  t e s t -
t  h
ing t h e  p e r fo rm a n c e  o f  t he  N r o o t  p ro c e s s  as a s i g n a l  d e t e c t o r  and i t s  
a p p l i c a t i o n  t o  l i n e a r  a r r a y s  such as t h o s e  used in  e x p l o r a t i o n  e x p e r i m e n t s .
where s ( t )  i s  th e  c o h e r e n t  p a r t  o f  t h e  s i g n a l  and n . ( t )  i n c l u d e s  t h e  r e s t
t  h
o f  i t  and n o i s e .  The N r o o t  p ro c e s s  i n v o l v e s  c om pu t ing  f i r s t
The N root process is n o n - l in e a r  and is most powerful when the
2.2 THE Nth ROOT PROCESS.
t  hThe output  o f  the i element o f  an M-element a r ray  at  any given
t i m e  t  can be exp ressed  as :
e.  ( t )  = s ( t )  + n. ( t ) (2 . 1 )
E ( t )  n = — L s ( t )  + n . ( t ) N . s ignum { e .  ( t ) } i = l
( 2 . 2 )
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and then
E ( t )  =
N
ii
The E ( t )  a r e  t hen  s tacked  ( i n s t e a d  o f  t h e  l i n e a r  sums) t o  e s t i m a t e  t h e
a p p a r e n t  v e l o c i t y  and d i r e c t i o n  o f  s i g n a l s .  For  U . K . A . E . A .  - t y p e  a r r a y s  
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in  p a r t i c u l a r ,  E ^ ( t ) a r e  computed f o r  t h e  two p a r t i a l  sums and a r e  then
used t o  compute th e  TAPs. The g e n e ra l  p r e s e n t a t i o n  o f  processed  a r r a y
o u t p u t  i s  th e n  a s i n g l e  channel  o u t p u t ,  t h e  "BLUE" l i n e  r o o t  sum, th e  
t  h t  h
"RED" l i n e  N r o o t  sum, th e  t o t a l  a r r a y  N r o o t  sum, t h e  TAP o b t a i n e d  by 
m u l t i p l y i n g  and a v e r a g i n g  th e  two p a r t i a l  r o o t  sums and a t im e  channe l
( F i g u r e  3 - 6 ,  C hap te r  3) *
T h i s  p roc es s  seems m a t h e m a t i c a l l y  i n t r a c t a b l e  because th e  a n a l y s i s  
must a l s o  dea l  w i t h  non-Gauss ian  n o i s e  and,  as m en t i oned  e a r l i e r ,  i t  i s  not  
p o s s i b l e  t o  d e f i n e  a c om p le te  s e t  o f  r e l e v a n t  non -G auss ia n  d i s t r i b u t i o n s .
In l i m i t i n g  cases  i t  can be seen, h o w e v e r , t h a t  in  t h e  case o f  a s i g n a l  much 
l a r g e r  than  n o i s e  t h i s  p rocess  passes t h e  s i g n a l  w i t h  l i t t l e  d i s t o r t i o n ,
I
w h i l e  in t h e  case  o f  a v e r y  l a r g e  n o i s e  E ^ ( t )  a p p r o x i m a t e s  t o  t h e  s i g n - b i t
I 11
p ro c e s s  (M e l ton  and K a r r ,  1957) and E ^ ( t ) ,  r a t h e r  th a n  E ^ ( t ) , a p p r o x i m a t e s
t o  t h e  t r u e  s i g n a l  shape as M and N become l a r g e .
11
To d e t e r m i n e  th e  expec te d  v a l u e s  o f  E ^ ( t )  between t h e s e  two 
e x t r e m e s ,  10 ,000  s e t s  o f  20 Gauss ian  numbers w i t h  a z e r o  mean and u n i t  
s t a n d a r d  d e v i a t i o n  ( t o  c o r r e s p o n d  t o  a 2 0 -e le m e n t  a r r a y )  were g e n e r a t e d .  To 
each number in each s e t  a c o n s t a n t  number c o r r e s p o n d i n g  t o  a c o h e r e n t  
s i g n a l  was added.  Each s e t  was then  combined a c c o r d i n g  t o  e q u a t i o n s  ( 2 . 2 )  
and ( 2 . 3 ) .  The p ro c e s s  was r e p e a te d  a number o f  t im e s  w i t h  t h e  m a g n i tu d e
11
o f  t h e  c o n s t a n t  i n c r e a s e d ,  and the  a v e ra g e  v a l u e s  o f  E ^ ( t )  a r e  p l o t t e d  in  
F i g u r e  2.1 as a f u n c t i o n  o f  t he  s i g n a l  a m p l i t u d e ,  f o r  N = 1, 2,  4 and 8.
As e x p e c t e d ,  t he  n o r m a l i z e d  o u t p u t  f o r  N = 1 i s  e q u i v a l e n t  t o  t he  
i n p u t .  For  l a r g e r  v a l u e s  o f  N, t h e  expec ted  v a l u e s  o f  t he  n o r m a l i z e d  summed
i i
E N ( t ) s ignum {E ( t )  } ...............( 2 . 3 )
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INDIVIDUAL CHANNEL SIGNAL AMPLITUDE
F i g u r e  2.1 Diagram i l l u s t r a t i n g  the expec t ed  N r o o t  o u t p u t  f o r  
d i f f e r e n t  v a l ue s  o f  N as a f u n c t i o n  o f  s i g n a l / n o i s e  
r a t i o .  The n o i s e  i s Gauss i an w i t h  z e r o  mean and u n i t
va r i a n c c .
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o u tp u t  d e c r e a s e  r e l a t i v e  t o  t hose  f o r  N = 1 when t he  SNR is  sma l l .  As t he
i i  i i
s i gna l  amp l i t ude  becomes i n c r e a s i n g l y  l a r g e  E ^ ( t )  approaches  E  ^ ( t )  f o r
a l l  v a l ue s  o f  N. The importance o f  t he  i n fo rmat ion  con t a i ned  in t h i s
t  hf i g u r e  is twofo l d .  F i r s t l y ,  i t  shows t h a t  t h e  N r oo t  proces s  i n t r oduces  
s igna l  d i s t o r t i o n  and i s ,  t h e r e f o r e ,  o f  l i t t l e  use i f  s i g n a 1-waveform is 
t o  be p r es e r ve d .  Thi s  d i s t o r t i o n  i s  such t h a t  the  ampl i t ude  of  t he  l a rge  
s i g n a l s  is  v i r t u a l l y  un a f f e c t ed  whi l e  sma l l e r  s i g n a l s  a r e  a t t e n u a t e d .  Sec­
ond l y ,  i f  t he  two p a r t i a l  l i n e  sums a r e  c o r r e l a t e d  t h i s  d i s t o r t i o n  ens u r e s
t h a t  s e c t i o n s  of  the  record where t h e  SNR is  l a r ge  a r e  emphasized in the
t  hc o r r e l a t o r  o u t p u t .  I t  is because  of t h i s  l a t t e r  a s pe c t  t h a t  t he  N root
p roces s  is  expected to  prove s u p e r i o r  t o  t he  l i n e a r  p roces s  in de t e rmin i ng
s i gna l  d i r e c t i o n s .  On t he  o t h e r  hand,  F igure  2.1 sugge s t s  t h a t  t he  s igna l
d e t e c t i o n  c a p a b i l i t i e s  of  the  root  p roces s  may be i n f e r i o r  t o  t he  l i n e a r
p r oc e s s  because  o f  t he  r e duc t i on  in a m p l i t u d es .  Thi s  i s ,  however,  not  the
c a s e  in p r a c t i c e  because  of  a co r r e spond i ng  r e d u c t i o n  in t he  n o i s e  a mpl i t ude .
t  hThi s  a s pe c t  of  t he  N roo t  proces s  i s  d i s cu s s e d  below.
2.3  SIGNAL DETECTION.
The a b i l i t y  of  the  N*". r oo t  p r oces s  to suppre s s  non-Gauss ian n o i s e
is i l l u s t r a t e d  in F igures  2 . 2  and 2 . 3 .  F igure  2 . 2  shows t h e  o u t p u t  from
WRA cor r espond i ng  t o  an e v e n t .  A l a rge  s y n t h e t i c  s p i ke  has been added to one
c hanne l .  The s i n g l e  l a rge  sp i ke  has been added fo r  t he  sake of  c l a r i t y .
Such sp i kes  a r e  common on se i smi c  a r r a y  o u t p u t s  and a r e  due to  loca l  sources
such as animal a c t i v i t y  or  power supply t r a n s i e n t s .  Figure  2 .3  shows the
processed  o u t p u t s  of  t h i s  event  where t h e  "RED" l i n e  sum, t h e  "BLUE" l i n e
sum, t o t a l  a r r a y  sum and the  TAP a r e  p l o t t e d  f o r  N = 1 and 2. The supp r e s -
t  hs ion  of t he  s p i ke  in t he  N root  p roces s  i s  c l e a r l y  demons t r a t ed .  I t  can 
be seen ,  through e qua t i ons  ( 2 . 1 ) ,  (2.2)  and ( 2 . 3 ) ,  t h a t  a n o i s e  s p i ke  on one 
channel  is  su b j e c t ed  to  an ampl i t ude  r e d u c t i o n  by a f a c t o r  of (1/M)^ on t he  
a r r a y  o u t p u t ,  so t h a t  f o r  a 20 element  a r r a y  and N = 2 t h i s  r e d u c t i o n  is  as
>  —  x~ —^ N x - ~ 0 ^ l ^ j ^ / \ A ^ / ^ \ ^ V V ^ v^ \ / W A / V v \ A A V ^ ' V ^ \ y ^
■ ^ j|^ ^ ^ /\A ^ > ^ % A W V r^ '-v A W V /\/w « ^ v ^ \X NV ^ ,^ A ^
^ ^ ^ /V ^ A A rs /V W
<y^^x> oo^»  x  V*Ai -  —\ / « ^
- ------ -—VIM lA ^^A /'^V '^AA /^A^<v^A ^v~\r^ '^-/' ,V v- 'V -v ^ ^ v/^
-~ -~ -y| | \ / V y ^ V '^ ^ v^ ^ ^ V u /V - A ^ w NA A r V ^ ^ A / t w A / % y ^
"'-*--- x-^y\/^y^/UVV/V^»x>^\/VV^A^^A A ^ ^ v A /^ v y /V A ^
--------------------—^ /y |^ \ /^ ^ ^ w^A>^vA^ ^ /\/v \A /^ /^ ^ ^^v v v v A A /,^ /^
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20 seconds
F i g u r e  2.7. Sample o u t p u t  o f  WRA showing a smal l  even t
o n s e t  and a l a r g e  s y n t h e t i c  n o i s e  s p i k e  added
to  one c h a n n e l .
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F ig u r e  2 . 3  Processed o u t p u t s  o f  the even t  shown in F i g u r e  2 . 2 .  
T races  a r e :
1. "RED" l i n e  l i n e a r  sum,
2. "BLUE" l i n e  l i n e a r  sum,
3- Whole a r r a y  l i n e a r  sum, and
4.  C o r r e l a t e d  o u t p u t  o f  th e  "RED" and "BLUE" l i n e  
sums w i t h  a one second i n t e g r a t i o n  window.  
T ra c e s  5 _8 a r e  th e  same as 1-4 bu t  s i g n a l s  a re  
combined u s in g  the  r o o t  p ro c e s s  w i t h  N=2.
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h ig h  as 400.  Power s u p p l y  t r a n s i e n t s ,  th o u g h  t h e y  o c c u r  on most c h a n n e l s
a t  one t i m e ,  a r e  n o r m a l l y  d i s p l a c e d  r e l a t i v e  t o  each o t h e r  when d e l a y s  a re
i n t r o d u c e d  w h i l e  phas ing  t h e  a r r a y .  The r e d u c t i o n  in  t h e  a m p l i t u d e s  o f
a l l  t h e s e  s p i k e s  w i l l  be somewhat s i m i l a r ,  e x c e p t  t h a t  i t  w i l l  t o  a c e r t a i n
e x t e n t  depend on the  d i s p l a c e m e n t s  i n t r o d u c e d .  T h i s  r e d u c t i o n  in  t h e
s t r e n g t h  o f  n o i s e  s p i k e s  w i t h  r e s p e c t  t o  t h e  s i g n a l  s t r e n g t h  i s  t he  reason
t  h
f o r  t h e  a b i l i t y  o f  t he  N r o o t  p ro c e s s  t o  reduce  f a l s e  a la r m s .
t  h
To d e t e r m i n e  t h e  s ig n a l  d e t e c t i o n  c a p a b i l i t i e s  o f  the  N r o o t  
p ro c e s s  in  Gauss ian  n o i s e ,  100,000 s e t s  o f  20 Gauss ian  numbers w i t h  a z e ro  
mean and u n i t  s ta n d a r d  d e v i a t i o n  ( a g a i n ,  t o  c o r r e s p o n d  t o  t he  t w e n t y  
e le m e n ts  o f  WRA) were g e n e r a te d  and combined a c c o r d i n g  t o  e q u a t i o n s  ( 2 . 2 )  
and ( 2 . 3 )  f o r  N = 1, 2 ,  A and 8.  For  each v a l u e  o f  N t h e  maximum v a l u e  o f
11
E . . ( t )  was d e t e r m in e d  t o  s e rv e  as a r e f e r e n c e  d e t e c t i o n  t h r e s h o l d .  T h i s  
N
t h r e s h o l d  v a l u e  c o r r e s p o n d s  t o  two f a l s e  a la r m s  pe r  a r r a y  beam per  d ay ,  t h e  
d e t e c t i o n  b e in g  pe r fo rm ed  on th e  r e c t i f i e d  o u t p u t  o f  t h e  t o t a l  a r r a y  sum 
w i t h o u t  any s i g n a l  a v e r a g i n g  o r  c o r r e l a t i o n .  The e x p e r im e n t  based on t h i s  
method o f  d e t e c t i o n ,  r a t h e r  than  on t h e  ave raged  c o r r e l a t o r  o u t p u t ,  was 
p e r fo rm ed  f o r  c o m p u t a t i o n a l  e x p e d ie n c y .  However ,  because th e  t r a n s i e n t  
n a t u r e  o f  t h e  s e i s m i c  s i g n a l s  a l l o w s  a v e r a g i n g  ov e r  two o r  t h r e e  c y c l e s  o f  
t h e  s i g n a l ,  i t  i s  b e l i e v e d  t h a t  t h e  r e s u l t s  o b t a i n e d  he re  a r e  r e p r e s e n t a t i v e  
o f  t h o s e  w h ic h  wou ld  be o b t a i n e d  i f  t h e  e x p e r i m e n t s  were des igne d  to  
s i m u l a t e  r e a l  d a t a  s i t u a t i o n s .
A t  t h i s  s t a g e ,  c o n s t a n t  numbers were added t o  t h e s e  random number 
s e t s  t o  s y n t h e s i z e  c o h e r e n t  s i g n a l s  in t h e  p resence  o f  random Gauss ian  
n o i s e .  The s e t s  were th e n  combined a c c o r d i n g  t o  e q u a t i o n s  ( 2 . 2 )  and ( 2 . 3 ) *  
Each combined o u t p u t  was compared w i t h  t h e  d e t e c t i o n  t h r e s h o l d  and a s i g n a l  
d e t e c t i o n  was deemed t o  have o c c u r r e d  when t h e  " s i g n a 1 + n o i s e "  combined 
o u t p u t  exceeded th e  r e f e r e n c e  t h r e s h o l d .  The p e r c e n t a g e  d e t e c t i o n  c a p a b i l i t y  
computed f o r  N = 1, 2 ,  A and 8 i s  p l o t t e d  in F i g u r e  2 . A ( a ) .  T h i s  f i g u r e  
i n d i c a t e s  t h a t  f o r  a v a l u e  o f  N = 2 t h e  50% d e t e c t i o n  c a p a b i l i t y  i s  o n l y
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SIGNAL AMPLITUDE
F i g u r e  2 . ^ ( a )  P r o b a b i l i t y  o f  e v e n t  d e t e c t i o n  u s i n g  a d e t e c t i o n
t h r e s h o l d  equa l  t o  t h e  r e f e r e n c e  t h r e s h o l d .
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m a r g i n a l l y  worse than th e  l i n e a r  case.  W i t h  a l o s s  o f  abou t  1 db in  d e t e c t ­
io n  c a p a b i l i t y ,  a squa re  r o o t  p ro c e s s  can be used i n s t e a d  o f  t h e  l i n e a r  
p r o c e s s .  As the  v a l u e  o f  N i s  i n c r e a s e d  the  l o s s  in d e t e c t i o n  c a p a b i l i t y  
i n c r e a s e s .  However ,  th e  d e t e c t i o n  c a p a b i l i t y  f o r  N = 8 i s  o n l y  3 db worse 
th an  the  l i n e a r  p ro c e s s .
T h i s  e x p e r im e n t  was then rep e a te d  w i t h  r e f e r e n c e  d e t e c t i o n  t h r e s ­
h o ld s  changed t o  1 .4  and 2 . 0  t im es  (3 db and 6 db up w i t h  r e s p e c t  t o )  
t h e  abov e -m en t ioned  d e t e c t i o n  t h r e s h o l d .  The r e s u l t s  o f  s i g n a l  d e t e c t i o n  a r e ,  
aga in  f o r  N = 1, 2 ,  4 and 8 ,  shown in  F i g u r e  2 . 4 ( b )  and 2 . 4 ( c )  r e s p e c t i v e l y .  
These f i g u r e s  show t h a t  i f  t h e  d e t e c t i o n  t h r e s h o l d  must be r a i s e d  in  o r d e r  
t o  a v o id  f a l s e  a la rm s  caused by non -G aus s ia n  n o i s e ,  a p o i n t  i s  soon reached 
where t h e  d e t e c t i o n  c a p a b i l i t y  in t h e  p resence  o f  Gauss ian  n o i s e  i s  in depe nd ­
e n t  o f  th e  v a l u e  o f  N. I f  t h e  d e t e c t i o n  t h r e s h o l d  must be r a i s e d  s t i l l  
t  h
f u r t h e r ,  th e  N r o o t  p roc es s  has a b e t t e r  d e t e c t i o n  c a p a c i l i t y  w h ic h  i n ­
c re a s e s  w i t h  i n c r e a s i n g  N. A l s o ,  t h e  s i g n a l  l e v e l  f o r  a 50% d e t e c t i o n  capa ­
b i l i t y  i s a lm o s t  in depe nden t  o f  the  d e t e c t i o n  t h r e s h o l d  l e v e l .  T h i s  i n d i c a t e s  
t  h
t h a t  t h e  N r o o t  p roc es s  i s  c a p a b le  o f  accommodat ing  v a r y i n g  a m b ien t  n o i s e
l e v e l s  much b e t t e r  than  th e  l i n e a r  p r o c e s s .
T h i s  e x p e r im e n t  shows t h a t ,  in t h e  p resence  o f  Gauss ian n o i s e ,  a
t  h
l i n e a r  p ro c e s s  o f  d e t e c t i o n  p e r fo rm s  m a r g i n a l l y  b e t t e r  th a n  th e  N r o o t
t  h
p r o c e s s .  I f  t h e  n o i s e  i s  n o t  Gauss ian ,  how eve r ,  th e  N r o o t  p ro c e s s  is  
b e t t e r  a b l e  t o  dea l  w i t h  i t  f r o m  th e  p o i n t s  o f  v i e w  o f  s u p p r e s s in g  n o i s e  
t r a n s i e n t s  and o f  b e in g  a b l e  t o  o p e r a t e  w i t h  a h i g h e r  d e t e c t i o n  c a p a b i l i t y  
in t he  p resence  o f  t h e s e  t r a n s i e n t s .  A l s o ,  t h e  r o o t  p roc es s  i s  b e t t e r  
a b l e  t o  deal  w i t h  f l u c t u a t i n g  n o i s e  a m p l i t u d e s .
2•4 SIGNAL-T0-N0ISE RATIO IMPROVEMENT.
t  h
To d e t e r m i n e  the  SNR enhancement  p r o p e r t i e s  o f  th e  N r o o t  p r o c e s s ,  
s i x  s i g n a l s  hav in g  t h e  same d i r e c t i o n  o f  app roach  b u t  d i f f e r e n t  a p p a r e n t  phase 
v e l o c i t i e s  were s y n t h e s i z e d  f o r  a 2 0 - e le m e n t  a r r a y .  F i v e  r e p r e s e n t a t i v e
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F i g u r e  2 . 4 ( b )  P r o b a b i l i t y  o f  even t  d e t e c t i o n  u s i ng  a d e t e c t i o n
t h r e s h o l d  equal  t o  1.4 t i m e s  t he  r e f e r e n c e  t h r e s h o l d .
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F i g u r e  2 . 4 ( c )  P r o b a b i l i t y  of  e ve n t  d e t e c t i o n  u s i n g  a d e t e c t i o n
t h r e s h o l d  egual  to t wi c e  t h e  r e f e r e n c e  t h r e s h o l d .
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c h a n n e ls  a re  shown in F ig u r e  2 . 5 .  To t h e s e  s i g n a l s  u n i f o r m l y  d i s t r i b u t e d  
b a n d - l i m i t e d  ( 0 . 5  “  *4.0 Hz) random n o i s e  was added.  The same f i v e  c h a n n e ls  
c o n t a i n i n g  b o t h  s i g n a l  and n o i s e  a re  a g a in  shown in  F i g u r e  2 . 5 .  The l a s t  
f o u r  t r a c e s  o f  F i g u r e  2 . 5  were o b t a i n e d  by a d d in g  t h e  t w e n t y  o u t p u t s  a c c o r d ­
ing  t o  e q u a t i o n s  ( 2 . 2 )  and ( 2 . 3 ) ,  f o r  N = 1, 2 ,  k  and 8 .  The a r r a y  has been 
phased t o  th e  l a s t  s i g n a l ,  w h ich  has been s y n t h e s i z e d  t o  s i m u l a t e  PcP f r om  
Banda-Sea e v e n t s  (A ~15° ) .  The n o i s e  in  t h e s e  r e c o r d s  has been chosen t o  
a p p r o x i m a t e ,  as f a r  as p o s s i b l e  the  f i l t e r e d  s e i s m i c  n o i s e ,  w h ich  i s  r a r e l y  
G aus s ian .  For  N = 1, t h e  s i g n a l  i s  s t i l l  h idden  in  t he  background n o i s e  but
r i s e s  o u t  o f  i t  as N i n c r e a s e s .  T h i s  f i g u r e  i l l u s t r a t e s  th e  p o t e n t i a l  o f  the  
t  h
N r o o t  p roc es s  in  i n c r e a s i n g  SNRs and im p r o v in g  t h e  c l a r i t y  o f  phases
a l o n g  a s e i s m i c  r e c o r d .  I t  can be seen h e re  t h a t  th e  r o o t  p rocess
em phas izes  t h a t  p o r t i o n  o f  t h e  re c o r d  where t h e  s i g n a l  i s  l a r g e ,  whereas
p o r t i o n s  w i t h  poor  SNR a re  s upp ressed .  T h i s  i s  in  c o n f o r m i t y  w i t h  what  i s
t  hi n d i c a t e d  by F i g u r e  2 . 1 .  T h i s  f e a t u r e  o f  t h e  N r o o t  p roc es s  i s  v e r y  h e l p f u l
i n  d e t e r m i n i n g  s i g n a l  d i r e c t i o n s ,  because o f  t h e  i n h e r e n t  dependence o f  th e
e s t i m a t e s  on the  w i d t h  and p o s i t i o n i n g  o f  t h e  c o r r e l a t i o n  window.  I t  is
t  h
c l e a r  f r o m  F i g u r e  2 . 5  t h a t  i f  th e  N r o o t  p ro c e s s  i s  used t o  d e t e r m i n e  s i g ­
na l  d i r e c t i o n s  u s in g  c o r r e l a t i o n  t e c h n i q u e s ,  t h i s  dependence w i l l  be v e r y  much 
re duced  and more a c c u r a t e  and s t a b l e  e s t i m a t e s  w i l l  be p o s s i b l e .
2 . 5  APPLICATION TO A LINEAR ARRAY.
t  h
To examine th e  u t i l i t y  o f  t h e  N r o o t  p ro c e s s  in d e t e r m i n i n g  th e  
a p p a r e n t  v e l o c i t y  o f  s i g n a l s  in  t he  p resence  o f  i n t e r f e r i n g  a r r i v a l s ,  a 
l i n e a r  a r r a y  o f  t w e n t y  se ismom eters  (p la c e d  a t  100 m e te rs  i n t e r s e n s o r  s p a c in g )  
was s i m u l a t e d .  F i g u r e  2 . 6  shows an assumed s im p l e  c r u s t a l  model .  The P-wave 
v e l o c i t y  in each l a y e r  i s  marked ,  a long  w i t h  t h e  t h i c k n e s s  o f  each l a y e r .  
F i g u r e  2 . 7  shows t h e  o u t p u t s  o f  f o u r  i n s t r u m e n t s  in t h e  presence  o f  random 
and c o h e r e n t  n o i s e  p roduced  by the  s ou rc e  g e n e ra te d  s u r f a c e  waves.  Because 
t h i s  e x p e r im e n t  was d e s ig n e d  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  one s i g n a l  on
10 seconds
F i g u r e  2 . 5  Six s y n t h e t i c  s i g n a l s  s i m u l a t e d  a t  WRA w i t h  s l o w n e s s e s  marked 
a t  t h e  t op  and t h e  Nth r o o t  p r o c e s s e d  a r r a y  o u t p u t s .  The 
f i r s t  f i v e  t r a c e s  (from t h e  t op )  show f i v e  r e p r e s e n t a t i v e  
c h a n n e l s  w i t h  pure  s i g n a l s .  The nex t  f i v e  t r a c e s  a r e  t h e  same 
f i v e  c h a n n e l s  added wi t h  u n i f o r m l y  d i s t r i b u t e d  b a n d - l i m i t e d  
n o i s e .  The l a s t  f ou r  t r a c e s  a r e  t h e  Nt h  r o o t  phased a r r a y  sums.
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SHOT POINT
ARRAY
3 k m  CENTRE POINT
kms/sec
6.1 kms/sec0.3 km
kms/sec
F i g u r e  2 . 6  C r u s t a l  model f o r  t he  l i n e a r  a r r a y  e x p e r i m e n t .  The 
t h i c k n e s s  o f  t h e  l a y e r s  and t h e i r  P-wave v e l o c i t i e s
a r e  as shown.
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t he  e s t i m a t e s  o f  t he  o t h e r ,  the  n o i s e  l e v e l  in t h e  o u t p u t s  o f  t h e  a r r a y  has 
been p u r p o s e l y  k ep t  low.  T h i s  i s ,  however ,  n o t  u n r e a l i s t i c ,  because a 
l a r g e  s i g n a 1- t o - n o i s e  r a t i o  can be a c h ie v e d  by p r o p e r l y  d e s i g n i n g  the  
e x p l o r a t i o n  e x p e r i m e n t .  These t r a c e s  have been s y n t h e s i z e d  u s in g  a s i n g l e  
f r e q u e n c y  o f  15 Hz. The o u t p u t  o f  each channe l  was d i g i t i z e d  a t  120 samples 
pe r  second ( t o  keep th e  sam p l ing  f r e q u e n c y  c om parab le  t o  t h e  one used in
th
p r o c e s s i n g  WRA d a t a ) .  F i g u r e  2 . 8  shows the  p rocessed  o u t p u t s  u s in g  the N 
r o o t  p roc es s  f o r  N = 1, 2 ,  4 and 8. In each o f  t h e s e  f i g u r e s  t h e  f i r s t  t r a c e  
f r om  the  to p  was o b t a i n e d  by d i v i d i n g  t h e  a r r a y  i n t o  two s e p a r a t e  g roups  
(c h o o s in g  a l t e r n a t e  senso r  l o c a t i o n s  in  one g r o u p ) ,  add in g  t h e  o u t p u t s  o f  
t h e s e  two g roups  by phas ing  t h e  a r r a y  t o  t h e  f i r s t  phase a c c o r d i n g  t o  
e q u a t i o n s  ( 2 . 2 )  and ( 2 . 3 )  and th e n  m u l t i p l y i n g  t h e  two p a r t i a l  sums. The 
second t r a c e  in t h e s e  f i g u r e s  shows a summed o u t p u t  o b t a i n e d  by a d d in g  the  
two p a r t i a l  sums t o  p r o v i d e  a t r a c e  w i t h  enhanced SNR. The n e x t  f o u r  t r a c e s  
were s i m i l a r l y  o b t a i n e d  by pha s in g  the  a r r a y  t o  th e  second and th e  t h i r d  
a r r i v a l s  r e s p e c t i v e l y .  These f i g u r e s  i n d i c a t e  t h a t  t h e  N**1 r o o t  p ro c e s s  
emphas izes  th e  a m p l i t u d e  o f  th e  s i g n a l  t o  w h ic h  th e  a r r a y  i s  phased ,  and t h a t  
t he  enhancement in  SNR f o r  t h i s  phase i n c r e a s e s  w i t h  t h e  o r d e r  o f  N. T h i s  
s u g g e s ts  t h a t  improvements in  a p p a r e n t  v e l o c i t y  measurements may be made 
by t h i s  p r o c e s s ,  p a r t i c u l a r l y  when more th a n  one s i g n a l  i s  p r e s e n t  in  the  
t  race .
To t e s t  t h i s  h y p o t h e s i s ,  a 5 sample window was p la c e d  o v e r  the  
second a r r i v a l  ( a p p a r e n t  v e l o c i t y  14.5 k m / s ) .  The a r r a y  was th e n  phased t o  
d i f f e r e n t  a p p a r e n t  v e l o c i t i e s ,  and t h e  TAPs were computed f o r  N = 1, 2 ,  4 and 
8.  The a m p l i t u d e  o f  t h e  c o r r e l a t o r  (TAP) o u t p u t  n o r m a l i z e d  t o  a maximum o f  
100 i s  p l o t t e d  in  F i g u r e  2 . 9 .  A l l  t he  f o u r  p ro c e s s e s  g i v e  maxima c l o s e  t o  
the  a p p a r e n t  v e l o c i t y  o f  t h e  second s i g n a l .  A l s o  seconda ry  maxima near  
13-4 km/s a re  p r e s e n t  due t o  the  d e c a y in g  f i r s t  a r r i v a l .  Because o f  the  
f i n i t e  s am p l ing  r a t e s ,  a more a c c u r a t e  e s t i m a t e  o f  t h e  a p p a r e n t  v e l o c i t y  
i s  n o t  o b t a i n a b l e  d i r e c t l y  by th e  c o r r e l a t i o n  t e c h n i q u e s .  A p a r a b o l i c  f i t  t o
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the data of Figure 2.9 indicates that the N ^  root process can give closer
estimates to the true phase velocity. Later experiments, however, with
altered noise conditions, showed that the improvements were not always sig-
t hnificant. Figure 2.9 also indicates that the N root process has a smaller 
beamwidth. This is due to the nonlinear process introducing higher frequency 
components, as suggested by Weichert (1975). The capabilities of the N 
root process in providing improved velocity estimates are demonstrated by the 
secondary peaks in the correlator output. For example, if the length of the 
correlation window was increased to include more of the first phase, the two 
peaks indicated by the linear process would merge to give a single broad peak 
showing the presence of only one phase with an incorrect apparent phase 
velocity.
A major difficulty in using correlation methods in determining 
signal directions, as mentioned earlier, lies in choosing the length of the 
averaging window to obtain optimum results. If the averaging window is too 
small then all the information is not used. Alternatively, if it is made too 
large or is incorrectly placed additional noise is added and once again the 
correlator output is degraded. For clearly defined signal onsets with large 
SNR a decision on the length of the averaging window is not difficult. In
the case of two phases arriving in close succession or even of a single phase
with a small SNR, a variation in the size and placement of the averaging win­
dow can result in significant differences in the estimates of the signal 
parameters.
t hBecause the N root process gives added emphasis to coherent energy,
its estimates are likely to be less dependent on the choice of the averaging
window, than those from the linear process. This is clearly demonstrated in
Figures 2.5 and 2.9* This factor rather than the pseudo-narrowing of the
t harray beamwidth (Kanasewich et_ aj_., 1973) is the major advantage of the N 
root process in determining signal directions.
2.6  RECTANGULAR CROSS ARRAY.
A r e c ta n g u l a r  c ross  a r r a y  was s im u la ted  t o  e s t im a te  the  slowness 
and d i r e c t i o n  o f  a se ism ic  a r r i v a l  across  the  a r r a y .  The procedure  adopted 
to  e s t im a te  these parameters was t o  add the  t r a c e s  o f  the  two arms 
s e p a r a t e l y ,  w i t h  t i m e s h i f t s  f o r  a l l  p o s s i b l e  com b ina t ions  o f  slowness and 
d i r e c t i o n s ,  and s tack  the  t ime averaged p roduc ts  ob ta in ed  by m u l t i p l y i n g  the 
two p a r t i a l  sums and averag ing  the  p roduc t  over an i n t e r v a l  o f  t ime ( B i r t i l l  
and Whi teway,  1965).  These stacked p ro du c ts  were then searched f o r  maxima, 
which are i n d i c a t i o n s  o f  coheren t  energy a r r i v a l s ,  w i t h  the  co r respond ing  
s lownesses and d i r e c t i o n s .  The averag ing  i n t e r v a l  was chosen t o  i n c lu d e  a 
few c y c le s  o f  the  s igna l  whose parameters a re  t o  be e s t im a te d .  A s i n g l e  
phase c o n t i n u i n g  over an extended i n t e r v a l  o f  t ime poses no problems in 
s e l e c t i n g  the  ave rag ing  window. But s e ism ic  phases a r r i v e  in a sequence o f  
impu lses ,  so a long averag ing  window becomes im p r a c t i c a b l e .  Because o f  the  
presence o f  i n t e r f e r i n g  phases,  one is  fo r c e d  t o  reduce the  le n g th  o f  the 
ave rag ing  window t o  one or  two c y c le s  o f  the  s i g n a l .  A narrow averag ing  
window is  more s e n s i t i v e  to  i t s  p o s i t i o n i n g  a long  the  t r a c e .  As is  d iscussed 
in Sec t ion  2 . A, the  ro o t  process is less  s e n s i t i v e  t o  the w id th  and 
placement o f  the  ave rag in g  window. Exper iments  on s y n t h e t i c  s i g n a l s  in the 
presence o f  Gaussian as w e l l  as non-Gaussian n o ise  have con f i rmed  t h i s  d u r ing  
a number o f  runs ob ta ined  us ing d i f f e r e n t  apparen t  v e l o c i t i e s ,  s ig n a l  
d i r e c t i o n s  and SNRs.
Tab les  2.1 -  2 . A show r o o t  norma l i zed  TAPs (N = 1, 2,  A and 8 
r e s p e c t i v e l y )  f o r  a smal l  s ig n a l  syn th e s ize d  a t  WRA in the  presence o f  
u n i f o r m ly  d i s t r i b u t e d  band l i m i t e d  no ise  ta b u la te d  as a f u n c t i o n  o f  az imuth  
and s lowness.  The s ig n a l  was syn thes ized  w i t h  a slowness o f  12.8 s/deg and 
an az imuth  o f  130° a t  WRA. In the  r e s u l t s  o f  the  l i n e a r  search (Tab le  2 .1 )  
a t  130° az im u th ,  a maximum is  observed in the  TAP a t  13-0 s /deg .  For N = 2 
the maximum is  c o r r e c t l y  loca ted  a t  12.8 s /deg .  For N = A the  h ig h e s t  
maximum l i e s  a t  12.6 s/deg and 129° ins tead  o f  12.8 s/deg and 130°,  p o s s ib l y
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because o f  a t r a d e - o f f  between th e  e s t i m a t e s  o f  a z im u t h  and s low nes s .
For N = 8 t h e  h i g h e s t  maximum o c c u r s  i n  an e n t i r e l y  d i f f e r e n t  r e g i o n  o f
s lo w n e s s  and a z im u th  space,  w h ich  i s  a f e a t u r e  o f  t h e  n o i s e  d i s t r i b u t i o n
t  h
used.  A c h a r a c t e r i s t i c  o f  t h e  N r o o t  a n a l y s i s  r e s u l t s  i s  t h a t  when t h e
a r r a y  i s  s t e e r e d  a t  130° a z im u th  f o r  d i f f e r e n t  s lo w n e s s e s ,  a maximum in  the
TAP o u t p u t  c o re s p o n d in g  t o  the  a c t u a l  s low ness  o f  t he  s y n t h e s i z e d  s i g n a l
o c c u r s  f o r  N = 2 ,  4 and 8 ,  whereas t h i s  maximum i s  d i s p l a c e d  in  t h e  l i n e a r
s e a r c h .  The re  a r e  a l s o  p r e s e n t  o t h e r  maxima w h ic h  become more and more
p r o m i n e n t  as N i n c r e a s e s .  T h i s  i s  because o f  t h e  e a r l i e r - m e n t i o n e d  p r o p e r t y  
t  h
o f  t h e  N r o o t  p roc es s  o f  em p h a s iz in g  t h e  a m p l i t u d e s  o f  the  s i g n a l s  t o
w h ic h  t h e  a r r a y  i s  phased. These e x t r a  maxima in  t h e  sea rch  t a b l e s  (2 - 4 )
show t h a t  t he  s y n t h e s i z e d  n o i s e  possesses  a d i r e c t i o n a l i t y  w h ic h  can be
c h a r a c t e r i s e d  by t h e s e  maxima, T h i s  has been c o n f i r m e d  by c a r r y i n g  o u t  t he
s e a rc h  on n o i s e  a l o n e .  A s e r i e s  o f  runs  on d i f f e r e n t  n o i s e  d i s t r i b u t i o n s  has
been u t i l i z e d  t o  e s t a b l i s h  t h a t  s lowness  o f  s i g n a l s  f o r  w h ich  the  maxima in
t h e  TAP o u t p u t  were e i t h e r  l o s t  o r  i n c o r r e c t l y  p la c e d  c o u ld  be more a c c u r a t e l y
t  he s t im ated  using the  N root process.
To t e s t  t h e  a p p l i c a b i l i t y  o f  t he  r o o t  p ro c e s s  in  t h e  case  o f  
a c t u a l  s e i s m i c  n o i s e ,  a s y n t h e t i c  e x p o n e n t i a l l y  d e c a y in g  s i n u s o i d a l  s i g n a l  
was added t o  the  coda o f  a n u c l e a r  e x p l o s i o n  f r o m  Noyaya Zemlya.  T h i s  
p a r t i c u l a r  e v e n t  was chosen t o  reduce  a m b i g u i t y ,  because e x p l o s i o n s  
c h a r a c t e r i s t i c a l l y  have s im p le  so u rc e  f u n c t i o n s  g i v i n g  r i s e  t o  a s i g n a l  
o n s e t  w h ic h  l a s t s  o n l y  f o r  a few c y c l e s .  The s low ness  o f  t h e  added s i g n a l  
was d e te r m in e d  by l o c a t i n g  t h e  peaks in  a tw o -second  c o r r e l a t o r  o u t p u t  
computed o v e r  t h e  s i g n a l  as t h e  a r r a y  was phased t o  d i f f e r e n t  v e l o c i t i e s  
( a z im u t h  f i x e d ) .  In o r d e r  t o  improve  the  s t a t i s t i c a l  r e l i a b i l i t y  o f  t he  
r e s u l t s ,  t h e  e x p e r im e n t  was re p e a te d  a number o f  t im e s  w i t h  bo th  t h e  s i g n a l  
and t h e  c o r r e l a t i o n  window moved a f u r t h e r  second a lo n g  t h e  r e c o r d s .  The 
r e s u l t s  o f  th e  s lo w ness  sea rch  f o r  N = 1, 2 ,  4 and 8 a r e  p l o t t e d  in  F i g u r e  
2 . 1 0 .  I t  must be p o i n t e d  o u t  once a g a in  t h a t  because o f  a low s i g n a l
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level there were present, in some cases, other maxima in the correlator
output for all values of N, and in all cases the maximum nearest to the
t hcorrect slowness was chosen. These results imply that the N root process
is capable of providing more accurate estimates of apparent velocity
compared to the linear process. If the signal had an unknown azimuth as
well as unknown apparent velocity, the search would have to be carried out
in two dimensions as in Tables 2.1 - 2.4.
These results led to further synthetic data experiments using
t hmultiple arrivals. The improvements in the N root search were predictable
because all signals except the one to which the array was steered were
treated as non-Gaussian noise. Phases separated by 1 second in time and 1
t hs/deg at 10 s/deg slowness could be resolved using the N root process.
In these cases the nature of the noise is less important because it is 
largely the contribution from the neighbouring phases which is responsible 
for vitiating the estimates.
Ram and Mereu (1975) have studied the N ^  root technique for the
determination of apparent velocities. They conclude that the N11*1 root process
is more successful than other processes in enhancing SNR, though at the cost
of the signal waveform. They also comment that the adaptive processing
method is more successful in providing accurate estimates of apparent
velocity. However, reference to Table 4 of their paper suggests that over a
wide range of SNRs the root process provides more stable estimates than
adaptive processing. The adaptive processing measurements given in the table
show that this method fails to provide meaningful results when the SNR is low
because of a lack of convergence in successive iterations. The difference
between various methods for signals with large SNRs is not significant
because the accuracy of the estimates by either method is adequate, the
accuracy then being limited by the quality of the data. It is considered
t htherefore that the N root process is superior because of its usefulness at
low SNRs.
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In t h e  N r o o t  p rocess  i t  i s  seen t h a t  t h e  improvement  i n c r e a s e s
m o s t l y  w i t h  t he  o r d e r  o f  N. However , t h e  improvement  i s  n o t  l i n e a r .  A l s o ,
t  h t  hw h i l e  t a k i n g  th e  N r o o t  and r a i s i n g  t h e  numbers t o  t h e  N power t he
q u e s t i o n s  o f  p r e c i s i o n  and dynamic  range a r e  i m p o r t a n t .  Most o f  the  d i g i t a l
c o m p u te r s ,  l i k e  t he  D a t a c r a f t  6024 used in  t h i s  s t u d y ,  have a hardw are
s q u a r e - r o o t  f u n c t i o n ,  so t h a t  i t  i s  more economic  in  te rm s  o f  compu te r  t im e
t o  make use o f  t h i s .  Because o f  th ese  c o n s i d e r a t i o n s  N = 4 has been used
f o r  measu r ing  t h e  s low nes s es .
A l t h o u g h  th e s e  e x p e r im e n ts  on s y n t h e t i c  da ta  c o u l d  n o t  a c h i e v e  a 
q u a n t i t a t i v e  e s t i m a t e  o f  t h e  improvements ,  t h e y  have c l e a r l y  shown t h a t  t he  
N*1'"1 r o o t  p roc es s  f u l f i l s  t he  r e q u i r e m e n t  o f  p r o d u c i n g  SNR enhancement b e f o r e  
e s t i m a t i n g  the  s lowness  o f  weak a r r i v a l s  in  t h e  p resence  o f  i n t e r f e r i n g  
s i g n a 1s .
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CHAPTER 3
PROCESSING OF WRA DATA
A b r i e f  d e s c r i p t i o n  o f  th e  method o f  s t e e r i n g  an a r r a y  t o  p roduce  
a maximum o u t p u t  phased a r r a y  beam ( c h a r a c t e r i s e d  by t h e  s lowness  and a z im u t h  
o f  t h e  incom ing s i g n a l )  was g i v e n  in  C h a p te r  1. Whatever  methods a r e  used 
f o r  s i g n a 1- t o - n o i s e  r a t i o  enhancement ,  t h e  a c c u r a c y  o f  t he  measured v a l u e s  o f  
s i g n a l  pa ra m e te rs  (s lowness  and a z im u th  in  t h i s  case )  i s  l i m i t e d  by a number 
o f  f a c t o r s  i n c l u d i n g  th o s e  a r i s i n g  f r om  t h e  l i m i t a t i o n s  o f  t he  r e c e i v e r  and 
t h e  da ta  a c q u i s i t i o n  sys tem. I t  i s  d e s i r a b l e  t o  d i s c u s s  th e s e  a s p e c t s  o f  
t h e  da ta  f r om  t h e  p o i n t  o f  v i e w  o f  p u t t i n g  an upper  l i m i t  on th e  e r r o r s  in 
t h e  measurements.  A l s o ,  any c o r r e c t i o n s  can th e n  be c o n s i d e r e d  in  t h e  l i g h t  
o f  t h e s e  c o n s i d e r a t i o n s .
3.1 DATA ACQUISITION SYSTEM.
B i r t i l l  and Whi teway (1965) have s t u d i e d  t h e  response o f  L-shaped 
a r r a y s  a lo n g  w i t h  o t h e r  c o n f i g u r a t i o n s .  T h e i r  r e s u l t s  show t h a t  when an 
L-shaped a r r a y  i s  tuned t o  a d i r e c t i o n  0^ and an a p p a r e n t  v e l o c i t y  t h e  
a z im u th  response  becomes s h a rp e r  as fD/V^  i s  i n c r e a s e d ,  where f  i s  t he  
f r e q u e n c y  o f  th e  incom ing s i g n a l  and D i s  t h e  d im e n s io n  o f  t h e  a r r a y .  Because 
t h e  t im e  s h i f t s  i n t r o d u c e d  t o  phase t h e  a r r a y  a r e  dependent  on b o th  t he  
a p p a r e n t  v e l o c i t y  and th e  a z im u th  o f  t h e  s o u r c e ,  t h e  a z i m u t h  response  
depends upon an a c c u r a t e  know ledge o f  Vy  The s ea rc h  i s  t h e r e f o r e  c a r r i e d  
o u t  a t  a number o f  v e l o c i t i e s  in o r d e r  t o  d e t e r m i n e  s i m u l t a n e o u s l y  t h e  bes t  
e s t i m a t e s  o f  v e l o c i t y  and a z im u t h .  A n o t h e r  i m p o r t a n t  r e s u l t  o f  t h e i r  s t u d y
i s  t h a t ,  f o r  an L-shaped a r r a y ,  the  s ea rc h  p r o v i d e s  b es t  a z im u th  d e t e r m i n a t i o n s
7T 5 tt 3 ttin  t he  d i r e c t i o n  Q = and whereas t h e  re s p o n s e  in  t h e  d i r e c t i o n s  0 = -jr-
7  7T
and -|p  i s  c o m p a r a t i v e l y  b r o a d e r .  The d i r e c t i o n s  w h ic h  a r e  bes t  s u i t e d  f o r  
v e l o c i t y  d e t e r m i n a t i o n s  a r e  a t  r i g h t  a n g l e s  t o  t h o s e  bes t  s u i t e d  f o r  a z im u t h
55
determinations. The use of Kelly's formulae (Kelly, 1964) for computing 
the errors in the estimates of the azimuth and the slowness, taking into 
account the errors in the determination of onset times, demonstrates 
that the directions of minimum error for a particular signal parameter are 
also the directions of maximum resolution (Wright, 1970 b). Maximum 
resolution as well as maximum precision in slowness, for WRA, is available 
along the line that intersects the "RED" line at an angle of about 135°, 
viz. the line joining the farthest sensor locations on the two arms of the 
array (Figure 3-4). In discrete data samples of seismic traces the accuracy 
of measurement also depends on the time interval between successive samples 
(data are assumed to be digitized at equal time intervals). For WRA data 
sampled at a rate of 25 samples per second per channel the accuracy in 
slowness that can be expected is of the order of 0.2 s/deg, while the 
azimuth can be measured with an accuracy of about 2 degrees. Thus quantiz­
ation errors in the estimates of slowness and azimuth can be of the order of 
0.2 s/deg and 2° respectively.
The accuracy of measurement depends, of course, on the background 
noise. Muirhead (1968 b) studied the background noise structure at WRA.
His results show that most of the background noise occupies the lower portion 
of the frequency spectrum. The noise spectrum at WRA peaks at about 5 
seconds period, drops down steadily by more than 3 db to a period of 2 seconds 
and then falls off very rapidly. As there is very little energy in the P-wave 
signals at periods greater than 2 seconds, a lower cut-off at 0.5 cps is 
chosen, in filtering the seismic data, to reduce the microseismic and other 
low-frequency noise. The P-wave energy also drops very rapidly beyond 4 cps 
in the seismic spectrum. An upper cut-off at 4 cps is, therefore, chosen to 
reduce the effects of s ignal-generated and other forms of high-frequency 
noise.
The requirements for ana 1og-to-digita1 conversion have been discussed 
by many authors (Suskind, 1957; 8am Datt and Ramani, 1967; Weichert et a 1 .,
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1967; Muirhead, 1968 b). Although the digitized waveform can be 
reconstructed by sampling the data at a rate which meets the Nyquist 
criterion of sampling, array-beam-forming requires that sampled data should 
be available at time intervals which allow the smallest amount of delay to 
be introduced into a trace to obtain a phased-array sum. A sampling rate 
of about 25 samples/second is adequate to determine the apparent velocity 
and azimuth of a seismic signal to reasonable accuracy. Higher sampling 
rates, though they increase storage and computer time requirements, do not 
reliably produce corresponding improvements in the estimated parameters 
because smaller delays in beam-forming do not always result in sizeable 
changes in the correlations. Secondly, there is not much advantage in 
improving upon these estimates because of the uncertainties caused by the 
local structure and by inhomogeneities in the region under investigation.
3.2 NATURE OF THE SIGNALS AND ANALYSIS PROCEDURES.
The choice of an analysis procedure and its effectiveness in 
providing accurate signal estimation is very much dependent on the nature of 
signals to be analysed and the information desired. For the seismic signals, 
for example, the measured values of slowness and azimuth are likely to depart 
from the actual ones depending on various factors such as SNR, signal coher­
ence across the array, time separation between the successively arriving 
phases in the wave train, differences in the slowness and directions of the 
interfering signals, and so on. Two or more arrivals closely spaced in time, 
slowness and direction are likely to produce a maximum in the phased array 
beam output (which is used to estimate these parameters) at some intermediate 
values of these parameters unless one of the signals is strong enough to 
retain its identity, in which case the other signals are likely to be lost.
As mentioned in the last chapter, a difficulty of the correlation
t htechnique lies in the choice of the correlation window. Although the N 
root process is less sensitive to this choice, it has not been possible to
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o b t a i n  a q u a n t i t a t i v e  e s t i m a t e  o f  t h e  im provem ent .  Once a c o r r e l a t i o n  
window i s  f i x e d ,  t h e  search  produces maxima in  t h e  TAP w h ic h  c o r r e s p o n d  
t o  c e r t a i n  c o m b i n a t i o n s  o f  s low ness  and a z i m u t h .  Not a l l  o f  t h e s e  maxima 
n e c e s s a r i l y  r e p r e s e n t  t r u e  s i g n a l  v e l o c i t i e s  and d i r e c t i o n s .  I n i t i a l l y ,  
a l l  maxima in t he  d i r e c t i o n  o f  the  so u rc e  a r e  p r o v i s i o n a l l y  a c c ep ted  
as s i g n i f i c a n t  s e i s m i c  phases w i t h  t h e  c o r r e s p o n d i n g  s i g n a l  p a r a m e t e r s .
When more d a t a  become a v a i l a b l e ,  i f  some maxima have n o t  been obse rved  f o r  
most e v e n t s ,  t h e y  may be exc lu d e d  f r o m  subsequ en t  a n a l y s i s .  I f  maxima a r e  
c o n s i s t e n t l y  obse rved  f o r  most e v e n ts  in a d i r e c t i o n  o t h e r  th a n  t h a t  o f  t h e  
s o u r c e ,  t h e y  a r e  accep te d  as i n d i c a t i n g  s i g n i f i c a n t  s c a t t e r i n g  o f  t h e  s e i s m i c  
s i g n a l  o c c u r r i n g  in  t h a t  d i r e c t i o n .
A l t h o u g h  the  s lownesses  o f  t h e  s i g n a l s  a r e  e s t i m a t e d  f r o m  t h e  
s i g n a l  waveforms as th e y  a r e  rec o rded  by th e  a r r a y ,  t h e  s o u rc e  l o c a t i o n s  a re  
taken  f rom t h e  d e t e r m i n a t i o n s  o f  th e  I n t e r n a t i o n a l  S e i s m o l o g i c a l  C en t re  
( l . S . C . )  where th e  f o c a l  pa ram e te rs  a r e  u n c e r t a i n  by a few te n s  o f  k i l o m e t e r s .  
T h i s  u n c e r t a i n t y  in s ou rce  l o c a t i o n  a l s o  r e f l e c t s  on the  e s t i m a t e s  o f  t h e  
o r i g i n  t i m e  and hence th e  t r a v e l  t i m e .  T h e r e f o r e ,  i t  i s  n e c e s s a ry  t o  a d j u s t  
t he  observed  t r a v e l  t im e s  to  a common base l i n e .  T h i s  a d j u s t m e n t  can be 
based on one o f  t h e  commonly accepted  t r a v e l  t i m e  c u r v e s ,  p r e f e r a b l y  th e  one 
t h a t  f i t s  most o f  t h e  o b s e r v a t i o n s .  T h i s  means t h a t  t h e  f i r s t  a r r i v a l s  a re  
c o n s t r a i n e d  t o  t h e  f i r s t  a r r i v a l  branches  o f  t h e  chosen t r a v e l  t im e  c u r v e  
and l a t e r  a r r i v a l s  a r e  then  used t o  o b t a i n  a r e f i n e d  c u r v e .  Use o f  s h a l l o w  
f o c u s  e a r t h q u a k e s  can reduce  t h e  e r r o r s  and s c a t t e r  due t o  u n c e r t a i n t y  in  
t h e  d e p th s  o f  s ou rc es  and use o f  ex tended  e p i c e n t r a l  d i s t a n c e s  in  d e t e r m i n i n g  
the  dT /d A -A  c u r v e  (bu t  see S e c t i o n  3 - * 0 .
3 .3  EFFECTS OF LOCAL STRUCTURE.
A p a r t  f r om  t h e  measurement  e r r o r s  in  t h e  e s t i m a t e s  o f  s lo w ness  
and d i r e c t i o n ,  l a r g e r  d e v i a t i o n s  in  t h e  e s t i m a t e d  v a l u e s  o f  s lowness  and 
a z im u th  oc c u r  because o f  t h e  d e p a r t u r e  o f  t h e  a r r i v i n g  s i g n a l  w a v e f r o n t  f r om
t h e  assumed p la n e  wave c o n f i g u r a t i o n .  T h i s  k i n d  o f  d i s t o r t i o n  in  t h e  wave- 
f r o n t  i s  caused by in h o m o g e n e i t i e s  benea th  t h e  a r r a y .  Severa l  t r a v e l  t im e  
and s lowness  s t u d i e s  have shown an a z i m u t h a l  dependence o f  r e l a t i v e  a r r i v a l  
t im e s  caused by th e  l o c a l  s t r u c t u r e  benea th  t h e  r e c e i v e r  ( R i t s e m a ,  1959; 
C l e a r y  and H a le s ,  1966; N i a z i ,  1966; O ts u k a ,  1966; B o l t  and N u t t l i  , 1966; 
H e r r i n  et_ a_]_., 1 968 ; W r i g h t ,  1970 a ,  b) .
WRA r e c o r d s  o f  Longshot  p r o v i d e d  a s lowness  e s t i m a t e  w h ic h  was 
abou t  11X h i g h e r  than t h a t  p r e d i c t e d  by t h e  J -B  t r a v e l  t im e  c u rv e  ( C l e a r y  
e t  a 1 . , 1 9 6 8 ) .  Us ing th e  o b s e r v a t i o n s  f r o m  L o n g s h o t ,  t h r e e  e a r t h q u a k e s  
f r o m  the  A l e u t i a n  I s l a n d s  and an e a r t h q u a k e  f ro m  South A f r i c a ,  in  c o n j u n c t i o n  
w i t h  N i a z i ' s  r e l a t i o n s  ( N i a z i ,  1966) f o r  a p p a r e n t  v e l o c i t y  and a z im u t h  in 
t h e  p resence  o f  a d i p p i n g  i n t e r f a c e ,  t h e s e  a u t h o r s  d e r i v e d  a s t r u c t u r e  f o r  
WRA o b s e r v a t i o n s  t h a t  p r o v id e d  a c l o s e  a p p r o x i m a t i o n  t o  th e  U .S .C .G .S .  
e s t i m a t e  o f  s low nes s .  W r i g h t  and Mui rhead (1969)  d e r i v e d  two p o s s i b l e  
s t r u c t u r e s  in d i f f e r e n t  a z im u th  ranges u s i n g  a Novaya Zemlya e x p l o s i o n .
These s t r u c t u r e s  were d e r i v e d  in o r d e r  t o  p r o v i d e  a z i m u t h a l l y  v a r y i n g  
c o r r e c t i o n s  f o r  d i f f e r e n t  se ismomete rs  a t  WRA. W r i g h t  (1970 b)  a l s o  
d e t e r m in e d  a s e p a r a t e  s t r u c t u r e  t h a t  p r o v i d e d  c o r r e c t i o n s  f o r  e a r t h q u a k e s  
f r o m  th e  Mar iana  I s l a n d s  r e g i o n .  Comparing th e  d e r i v e d  s t r u c t u r e s  in th e s e  
e x e r c i s e s  (T ab le  3 - 0  i t  becomes a p p a r e n t  t h a t  t h e  p o s s i b i l i t y  o f  d e t e r m i n i n g  
a s t r u c t u r e  benea th  t h e  a r r a y  t h a t  can e x p l a i n  t h e  f e a t u r e s  o f  t h e  d a ta  
in a r e a s o n a b l y  l a r g e  a z im u th  range i s  q u i t e  rem o te .  Because an i n f i n i t e  
number o f  s t r u c t u r e s  can f i t  t he  d a t a  ( f o r  exam p le ,  any s t r u c t u r e  w i t h  a 
g i v e n  v e l o c i t y  c o n t r a s t  may be re p la c e d  by a n o t h e r  w i t h  a d i f f e r e n t  v e l o c i t y  
c o n t r a s t  and d i p  a n g l e ) ,  t h e  f i t t i n g  o f  a s t r u c t u r e ,  though  i t  may p r o v i d e  
t h e  ' d e s i r e d '  c o r r e c t i o n ,  does not  g u a r a n t e e  by any means t h a t  t h i s  is  t he  
r e a l  s i t u a t i o n  o r  c l o s e  t o  i t .  T h e r e f o r e ,  an e m p i r i c a l  app roach  t o  c o r r e c t  
t h e  measured s low nesses  has been p r e f e r r e d  ( c f .  Simpson et_ a_l_., 197^) • The 
measured v a l u e  o f  s lowness  f o r  th e  f i r s t  a r r i v a l  a t  a g i v e n  d i s t a n c e  i s  
made t o  r e p r e s e n t  t h e  s lo p e  o f  t h e  i n d i c a t e d  t r a v e l  t im e  c u r v e  a t  t h i s
d i s t a n c e .  To do t h i s  t h e  f i r s t  a r r i v a l  s low ness  i s  p l o t t e d  as a f u n c t i o n
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o f  t he  e p i c e n t r a l  d i s t a n c e  on a t r a v e l  t im e  c u r v e .  The s lo p e  o f  t h e  t r a v e l  
t im e  c u rv e  i s  de te rm in e d  and compared w i t h  t h e  measured s lowness  f o r  a l l  
d i s t a n c e s  a t  w h ic h  o b s e r v a t i o n s  a re  a v a i l a b l e .  A m u l t i p l i c a t i v e  f a c t o r  i s  
then  d e te r m in e d  by w h ich  th e  s lowness  o f  th e  f i r s t  a r r i v a l  i s  made equal  t o  
t h e  s lo p e  o f  t h e  t r a v e l  t im e  c u r v e .  T h i s  f a c t o r  i s  th e n  ta ken  as t he  
c o r r e c t i o n  f o r  t h e  f i r s t  and t h e  subsequen t  a r r i v a l s .  The l a t e r  a r r i v a l s  do 
n o t ,  o f  c o u r s e ,  have e x a c t l y  the  same a n g l e s  o f  emergence as t he  f i r s t  
a r r i v a l  and may t h e r e f o r e  be a f f e c t e d  d i f f e r e n t l y  by l o c a l  s t r u c t u r e .  How­
e v e r ,  s i n c e  t h e  d i f f e r e n c e s  in  t he  emergence a n g l e s  a r e  sm a l l  ( e . g .  ab o u t  
10° f o r  t h e  phases w i t h  s lownesses  o f  9 s /d e g  and 12 s /deg  r e s p e c t i v e l y )  
d i f f e r e n c e s  in  t h e  c o r r e c t i o n  f a c t o r  f o r  t h e  l a t e r  a r r i v a l s  f r o m  t h a t  
d e r i v e d  f r om  t h e  f i r s t  a r r i v a l  w i l l  be o f  second o r d e r .
Simpson (1973) and Simpson e t  a l . (197*0 used t h i s  app roach  t o  
c o r r e c t  t h e i r  measured s low nesses and found  t h a t  t h e i r  e s t i m a t e s  in  t he  
d i s t a n c e  range 18° -  30° were h i g h e r  by a b o u t  3%* Hence th e y  m u l t i p l i e d  
t h e i r  e s t i m a t e d  v a l u e s  by 0 .97  b e f o r e  c o n s t r u c t i n g  a dT /dA -A  c u r v e .  Because 
o f  a d i f f e r e n t  a z im u th  chosen in  t h i s  s t u d y  and t h e  d i f f e r e n c e  in  th e  
measurement  p r o c e d u r e ,  t h e s e  p r e v i o u s l y  d e t e r m i n e d  c o r r e c t i o n s  may n o t  be 
s u i t a b l e .  I f  e v e n t s  a re  c o n f i n e d  t o  a n a r r o w  a z im u t h  ra n g e ,  t h e  s e i s m i c  rays  
in  t h i s  a z im u th  range  w i l l  t r a v e l  a p p r o x i m a t e l y  t h e  same pa th  ne a r  t h e  a r r a y ,  
so t h a t  e x c e p t  f o r  a c o n s t a n t  o r  s l o w l y  v a r y i n g  te r m  s lowness  measurements 
a r e  l e s s  l i k e l y  t o  be p e r t u r b e d  by l o c a l  s t r u c t u r e .  D e t e r m i n a t i o n  o f  t h e  
c o r r e c t i o n  f a c t o r  in  t h a t  case becomes r a t h e r  easy .  Se c o n d ly ,  an a c t u a l  
knowledge o f  t he  c o r r e c t i o n  f a c t o r ,  in  t h a t  c a s e ,  is  l e s s  i m p o r t a n t  f r o m  t h e  
p o i n t  o f  v i e w  o f  d e l i n e a t i n g  th e  f i n e  s t r u c t u r e  o f  t h e  t r a v e l  t i m e  c u r v e .
An im p o r t a n t  advan ta ge  o f  t h i s  approach  i s  t h a t  t h e  o r i g i n a l  c h a r a c t e r  o f  
t h e  d a ta  i s  n o t  a l t e r e d  by any unw a r ra n te d  s m o o th in g .
3 . 4  EFFECTS OF FOCAL DEPTH.
F i g u r e  3-1 d e m o n s t r a te s  t h e  e f f e c t s  o f  t h e  f i n i t e  f o c a l  d e p t h  
o f  t h e  sou rce  on the  t r a v e l  t i m e - e p i c e n t r a 1 d i s t a n c e  c u r v e .  Two a r r i v a l s
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F i gu r e  3-1 Diagram i l l u s t r a t i n g  t h e  e f f e c t  o f  f o c a l  dep t h  on t r a v e l  
t i m e  and e p i c e n t r a l  d i s t a n c e  o f  a s e i s m i c  r ay .
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leave a so u rc e s  and reach the r e c e i v e r  R w i t h  d i f f e r e n t  dT/dA v a lu e s ,  say 
and p^. Flay path 2 bot toms in a la y e r  o f  h ig he r  v e l o c i t y  compared to  
t h a t  o f  ray path 1 such t h a t  the  v e l o c i t y  a t  the boundary between la y e r  1 
and la y e r  2 inc reases  e i t h e r  d i s c o n t i n u o u s 1y or  r a p i d l y .  The ray parameters 
Pj and determined by us ing the  measured va lues  o f  dT/dA f o r  a s u r fa c e  
focus event  (F igu re  3*1 a) a re  g iven  by:
P1
r s i n  i I
v
dT
dA A = As
r s in  i 2 dT
where A^ is  the  e p i c e n t r a l  d i s t a n c e ,  i^ and i^  are  the  acute  ang le s  the  
two rays make w i t h  the normal t o  the  s u r fa c e  and v is  the  c r u s t a l  P-wave 
v e l o c i t y .
Now suppose t h a t  the  source is  s i t u a t e d ,  a t  a depth h, a t  S' 
(F igu re  3-1 b ) . Le t  E be the  e p i c e n t r e  and E1 and E" be the  e x te n s io n s  o f  
the ray paths 1 and 2 back to  the  s u r fa c e .  The ray  parameters a re  in t h i s  
case g iven  by:
r s in i
r s i n i
dT
dA
dT
dA
A = A£1 
A = A£ll
so t h a t  p  ^ and p^ do not  r e p re s e n t  the  g r a d i e n t s  o f  t r a v e l  t ime cu rve  a t  the  
e p i c e n t r a l  d i s t a n c e  A£ but  a t  two d i f f e r e n t  d i s t a n c e s  A£ , and A£ll c a l l e d  
the  extended e p i c e n t r a l  d i s t a n c e s  f o r  the  two s lownesses,  p  ^ and p ^ • The 
two d i s t i n c t l y  d i f f e r e n t  c o r r e c t i o n s  which  a re  re q u i re d  to  r e l a t e  p  ^ and p^ 
to  the  e p i c e n t r a l  d i s t a n c e  as in a s u r fa c e  focus event  a re  A£l -  A£ and
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A ,^, ~ and t h e s e  g ive  r i s e  to two d i s t i n c t l y  d i f f e r e n t  c o r r e c t i o n s ,
T^.1 - and T^." - T , for  t h e  co r r espond i ng  t r a v e l  t i me s .  On a s l ownes s -  
e p i c e n t r a l  d i s t a n c e  p l o t  a deep focus  event  w i 11, t h e r e f o r e , p l o t  such t h a t  
d i f f e r e n t  va l ues  of slowness a r e  p l o t t e d  a t  d i f f e r e n t  e p i c e n t r a l  d i s t a n c e s .
To compute t he se  c o r r e c t i o n s  t o  t he  e p i c e n t r a l  d i s t a n c e  and the  
t r a v e l  t imes  a v e l o c i t y  d i s t r i b u t i o n  i s  r e q u i r e d .  The P-wave v e l o c i t y  
d i s t r i b u t i o n  of  Simpson e t  a 1. (197*0 is  the  most r e c e n t  one a v a i l a b l e  
r e p r e s e n t i n g  t h e  s t r u c t u r e  in t h e  n o r t h  of  A u s t r a l i a .  Th i s  v e l o c i t y  model ,  
supplemented by t h a t  of  Wright  (1970 b) below a depth o f  800 km, has been 
used to  compute t he  depth c o r r e c t i o n s .
One impor tant  a spec t  of  t he  use o f  deep focus  e a r t h q u a k e s  i s  t h a t  
i d e n t i f i c a t i o n  of l a t e r  a r r i v a l s  poses  l e s s  problems s i n c e  t he  a r r i v a l s ,  in 
t h a t  c a s e ,  a r e  not  contamina ted by pP. Th i s  advan t age  of  us ing  deep focus  
e a r t h q u a k e s  t ends  to outweigh the  d i s a d v a n t a g e  t h a t  f oca l  dep t h  c o r r e c t i o n s  
become more impor tant  when deep focus  e ve n t s  a r e  used.  Th i s  i s  f i r s t l y  
because  the  I .S . C.  e s t i m a t e s  of  the  o r i g i n  t ime and foca l  pa r ame t e r s  a r e  
a l r e a d y  u n c e r t a i n  by some amount,  and secondly  because  i f  t he  accuracy  of  
i d e n t i f y i n g  t h e  l a t e r  a r r i v a l s  is i nc reased  they  a r e  more e f f e c t i v e  in d e t e r ­
mining the  v e l o c i t y  g r a d i e n t s  between the  l a y e r s .
3 .5  EFFECTS OF EARTH'S ELLIPT1CITY.
The e l l i p t i c i t y  of  the e a r t h  i n t r od u ce s  a s y s t e m a t i c  e r r o r  in 
t h e  s lowness  e s t i m a t e s  because  of  i t s  i n f l u e n ce  on t h e  t r a v e l  t imes of  
s e i s mi c  waves.  The e l l i p t i c i t y  c o r r e c t i o n  to the  t r a v e l  t i mes  is  g iven  by 
( Bu l l en ,  1963):
6T = f (A) (h + h ) o e
where h and h a r e  the  d i f f e r e n c e s  between the  a c t u a l  and mean r a d i i  o f  o e
t he  e a r t h  a t  the  obse r v i ng  s t a t i o n  and t he  e p i c e n t r e ,  A being t h e  e p i c e n t r a l
d i s t a n c e .
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W r i g h t  (1970 b) has computed t h e  e l l i p t i c i t y  c o r r e c t i o n s  a t  WRA 
f o r  e v e n t s  f r o m  v a r i o u s  a z i m u t h s .  He showed t h a t  t h e  l a r g e s t  c o r r e c t i o n  
due t o  t h e  e l l i p t i c i t y  o f  t h e  e a r t h  a t  an a z i m u t h  o f  330° t o  WRA is  0 .023  
s / d e g .  T h i s  i s  a t  a d i s t a n c e  o f  1 2 . 5 ° .  Compared t o  t h e  u n c e r t a i n t i e s  in  
t h e  measurement  p ro c e d u r e s  and th e  f o c a l  p a r a m e te r s  o f  t h e  so u rc e  th e  
e x t e n t  o f  the  e r r o r  caused by th e  e l l i p t i c i t y  o f  th e  e a r t h  i s ,  t h e r e f o r e ,  
sm al l  enough t o  be n e g l e c t e d .
3 .6  SELECTION OF EVENTS.
Near WRA t h e r e  a re  f o u r  m a jo r  e a r t h q u a k e  b e l t s  t h a t  can be 
u t i l i z e d  t o  c o n s t r u c t  a dT /d A -A  c u r v e .  These a r e  in  th e  d i r e c t i o n  o f :
a. New H e b r id e s  I s l a n d s ,  Solomon I s l a n d s  and L o y a l t y  I s l a n d s ;
b . New G u in e a ;
c .  Banda Sea, Mindanao and P h i l i p p i n e  I s l a n d s ;  and
d .  Sumatra-Sunda S t r a i t .
The d i r e c t i o n  o f  New H e b r id e s  I s l a n d s ,  Solomon I s l a n d s  and L o y a l t y  I s l a n d s  
p r o v i d e s  a r e a s o n a b l y  good s e t  o f  e v e n ts  in  t h e  d i s t a n c e  range 15° ”  4 5 ° .  
Events  f r o m  t h i s  d i r e c t i o n  have been used in  e a r l i e r  dT /dA s t u d i e s  a t  WRA 
(Simpson,  1 973;  K in g ,  197^;  Simpson e t  a 1 ♦ , 1 9 7 ^ ) •  However ,  t h e  a z i m u t h  o f  
th e  s e l e c t e d  e v e n t s  has t o  be v a r i e d  up t o  30° t o  o b t a i n  s u f f i c i e n t  e v e n ts  
t o  i n v e s t i g a t e  t h e  upper  m a n t l e  down t o  a b o u t  1000 km d e p t h .  As emphasized 
e a r l i e r  ( S e c t i o n  3 - 3 )  i t  i s  d e s i r a b l e  t o  c o n f i n e  t h e  e v e n ts  t o  a n a r ro w  
a z im u t h  range t o  m i n i m i z e  t h e  e r r o r s  caused by l o c a l  s t r u c t u r e .  Even ts  
in a n a r r o w  a z im u t h  range  a r e  a v a i l a b l e  in t h e  d i r e c t i o n  o f  New G u inea ,  bu t  
o n l y  f o r  d i s t a n c e s  g r e a t e r  t han  25 ° .  In t h e  d i r e c t i o n  o f  t he  Banda Sea, 
Mindanao and P h i l i p p i n e  I s l a n d s  we can g e t  a good number o f  e v e n t s  in  a v e r y  
smal l  a z im u th  range ( 3 ^ 0 ° ± 5 ° )  a t  e p i c e n t r a l  d i s t a n c e s  between 15° and 4 6 ° .  
Events  in t h i s  d i s t a n c e  range  may be o b t a i n e d  i n  t h e  d i r e c t i o n  o f  Sumatra -  
Sunda S t r a i t  in  an a z i m u t h  range w h ich  i s  even n a r r o w e r ,  but  the  number o f  
a v a i l a b l e  e v e n ts  i s  n o t  as l a r g e .  T h e r e f o r e  t h e  d i r e c t i o n  o f  the  Banda Sea
has been chosen f o r  s low ness  s t u d i e s .  T h i s  d i r e c t i o n  i s  l i k e l y  t o  be 
a s s o c i a t e d  w i t h  some m a n t le  i n h o m o g e n e i t i e s  due t o  des c e n d in g  p l a t e s .  
However ,  a com pa r ison  w i t h  s i m i l a r  measurements f o r  e v e n t s  in  o t h e r  
d i r e c t i o n s  may i n d i c a t e  whe ther  the r e s u l t s  a r e  s i g n i f i c a n t l y  p e r t u r b e d  in 
t h i s  way. I f  measurements in  v a r i o u s  d i r e c t i o n s  a r e  e s s e n t i a l l y  s i m i l a r  
t h i s  s e rves  t o  c o n f i r m  th e  v a l i d i t y  o f  t h e  o b s e r v a t i o n s .  Over two hundred 
e v e n t s ,  w h ic h  were rec o rded  a t  WRA d u r i n g  t h e  p e r i o d  1967~72 were s e l e c t e d  
in  t h i s  d i r e c t i o n  s u b j e c t  t o  t he  f o l l o w i n g  c o n d i t i o n s :
1. Sources have a b ac k bea r in g  340° ± 5° w i t h  r e s p e c t  t o  WRA 
( F i g u r e  3 - 2 ) .
2.  S i n g l e  channe l  h e l i c o r d e r  r e c o r d s  o f  t h e  e v e n t s  a r e  good.
3. Body wave m a g n i tu d e s :
4 . 5 < Mb
< 5-5 f o r < 24
5 .0 < % < 6 . 0 f o r > 24
4. At l e a s t  15 s t a t i o n s  have been used by U .S .C .G .S .  in  t h e  
p r e l i m i n a r y  d e t e r m i n a t i o n s  o f  e p i c e n t r e s .
Except  t h a t  the  number o f  e v e n ts  a t  d i s t a n c e s  l e s s  th a n  21° i s  no t  as l a r g e  
as t h a t  beyond 2 1 ° ,  a r e a s o n a b l y  u n i f o r m  d i s t r i b u t i o n  o f  e v e n ts  was a v a i l a b l e  
f o r  t h e  d i s t a n c e  range  15° -  4 6 ° .  A l s o ,  t o  i n v e s t i g a t e  th e  t r i p l i c a t i o n s  a t  
38° and 43° (C hap te r  5) some e v e n ts  were  needed f o r  e p i c e n t r a l  d i s t a n c e s  
beyond 4 6 ° .  D i s t a n c e s  beyond 46° c o u ld  n o t  be cove red  u s in g  t h e  sma l l  
a z im u t h  range (340° ± 5 ° ) .  To i n v e s t i g a t e  t h e  n a t u r e  o f  the  l a t e r  a r r i v a l s  
a t  d i s t a n c e s  g r e a t e r  than  4 6 ° ,  some e v e n t s  were  chosen f rom a w i d e r  a z i m u t h  
range (±20° v a r i a t i o n  f rom  t h e  mean p o s i t i o n  o f  3 4 0 ° ) .  These e v e n t s  were 
n o t ,  how ever ,  i n c l u d e d  in a v e r a g in g  th e  s low ness  d a t a .  T h e r e f o r e ,  t h e  
measured s lownesses  in  t h i s  work  r e f e r  t o  e v e n t s  in t h e  n a r row  a z i m u t h  range
340° ± 5° .
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F i g u r e  3-2 S e l e c t e d  r e g i on  o f  s t u d y .  S o l i d  l i n e  shows t he  mean
d i r e c t i o n  (bac l cbear i ng  3^0°  a t  t he  c e n t r e  p o i n t  o f  WRA). 
Broken l i n e s  show t he  e x t e n t  o f  a z i m u t h a l  v a r i a t i o n  
a l l o w e d  in s e l e c t i n g  e v e n t s .
3.7 PROCESSING WRA RECORDS.
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3.7.1. DATA TRANSCRIPTION.
WRA outputs of the events which were detected by an event detector 
(Muirhead, 1968 b) are available on F.M. magnetic tapes. The chosen events 
are retrieved using an analog playback system which provides data in a 
selectable frequency pass band. Playback is carried out at 12.5 times the 
recording speed. The filter settings are selected to provide a pass band 
0.5 “ 4.0 Hz (in real time). The played-back signals are fed to an analog- 
to-digital converter and multiplexer system and then to a Datacraft 6024/4 
computer. The digitized samples are stored as 12-bit binary numbers, on a 
disc file. The ana 1og-to-digita1 conversion is verified by plotting one 
seismometer output and the time channel. To determine the sampling frequency, 
the number of samples between successive one second pulses is counted for 
twenty seconds. Histograms are computed for all sampling frequencies between 
0 and 50 samples/second. The actual sampling frequency is computed by a 
parabolic interpolation between three points near the maximum (mode) of 
the histogram. The digital data for the event is then transferred from the 
disc file on to a digital magnetic tape along with an event number assigned 
to each event, hypocentre and origin time data, sampling rate and the 
particulars of the filter pass band. The assigned event number is used 
to retrieve the event from the digital magnetic tape. Data on this digital 
magnetic tape are written in the form of fixed length buffered-out records so 
that each record contains 14 numbers from each channel. Each event is 
separated from the following event by an end-of-file mark.
Before processing an event, about 100 seconds of data are 
transferred to a disc file. Data for the first 40 seconds are plotted 
channelwise for all the 21 channels. This allows us, firstly, to determine 
if a sufficient number of wel1-recorded channels is available for measuring 
slowness and, secondly, to exclude noisy channels. The plots are stored as
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v i s u a l  r e f e r e n c e  f o r  t he  e v e n t s .  A b l o c k  d ia g r a m  o f  t h e  d a ta  a c q u i s i t i o n  and 
p r o c e s s i n g  sys tem  i s  shown in F ig u r e  3*3
3 . 7 . 2  BEAM FORMING.
The c o n f i g u r a t i o n  o f  WRA is  shown in  F i g u r e  3 - ^ -  The l o c a t i o n s  
o f  t h e  t w e n t y  se ismomete rs  and t h e i r  c a r t e s i a n  c o o r d i n a t e s  w i t h  r e s p e c t  t o  
t h e  c e n t r e  p o i n t  o f  t h e  a r r a y  (19- 9^+999° S , 13^+- 35081 0 E) a r e  g i v e n  in T a b le  
3 . 2 .  To fo r m  a p h a s e d - a r r a y  beam w i t h  a g i v e n  s lowness  and a z i m u t h ,  t im e  
s h i f t s  w i t h  r e s p e c t  t o  t he  c e n t r e  p o i n t  a r e  computed u s i n g  e q u a t i o n  1 . 2 .
The t i m e  s h i f t s  in seconds a r e  c o n v e r t e d  t o  an i n t e g e r  number o f  t he  sam p l ing  
i n t e r v a l .  A l l  the  se ismomete r  o u t p u t s  a r e  th e n  s h i f t e d  in  t im e  by t h e i r  
r e s p e c t i v e  t i m e  s h i f t s  and the  "RED" and "BLUE" l i n e  o u t p u t s  a r e  added
t  h
s e p a r a t e l y  a c c o r d i n g  t o  e q u a t i o n s  2 . 2  and 2 . 3  t o  fo rm  two phased p a r t i a l  N 
r o o t  sums. The two p a r t i a l  sums a re  now m u l t i p l i e d  and averaged  to  fo rm  th e  
t i m e - a v e r a g e d  p r o d u c t  (TAP) g i v e n  by:
1 14
TAP ( I ) = j j -  Z R(1 + J ) . B ( I + J )
J=1
1 = 1 , 2 , 3 , . . .
whe re  R ( I ) and B ( I ) r e p r e s e n t  t h e  "RED" and "BLUE" l i n e  sums a t  t im e  t  = I . A t , 
A t  b e in g  t h e  s am p l ing  i n t e r v a l .
An enhanced seismogram is  a l s o  produced by add ing  th e  two p a r t i a l
sums t o g e t h e r .  The g e n e r a l  p r e s e n t a t i o n  o f  t h e  p rocessed  a r r a y  o u t p u t  i s  then
a s i n g l e  channe l  t r a c e ,  t h e  two p a r t i a l  r o o t  sums, t h e  t o t a l  a r r a y
r o o t  sum, t h e  TAP and th e  t im e  c h a n n e l .  F i g u r e  3 -5  shows the  "RED" (R1-R10)
and "BLUE" (B1-B10)  l i n e  t r a c e s  o f  a sample e v e n t  (Even t  No. 1 o f  T a b le  A1)
t  h
a lo n g  w i t h  t h e  t im e  c h a n n e l .  F i g u r e  3 . 6  (a -  d)  shows th e  N r o o t  a r r a y  
beams o f  t h i s  ev e n t  f o r  N = 1, 2 ,  k and 8 r e s p e c t i v e l y .  These a r r a y  beams 
have been formed by u s i n g  t h e  h y p o c e n t re  l o c a t i o n  g i v e n  by I . S . C .  and a 
s lo w n e s s  v a l u e  o f  8.^4 s / d e g ,  t h e  a p p r o x im a t e  J -  B model s low nes s .
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3 . 7 - 3  SLOWNESS S E A R C H .
To examine  the  a z im u t h a l  b e h a v io u r  o f  t h e  e v e n ts  t o  be an a ly s e d  
i t  was n e c e s s a ry  t o  d e t e r m i n e  th e  a z im u t h  o f  t h e  s i g n a l s  a lo n g  t h e  s e i s m i c  
wave t r a i n .  Such an e x a m i n a t i o n  becomes i m p o r t a n t  because an a c c u r a t e  
measurement  o f  s low ness i s  p o s s i b l e  o n l y  i f  t h e  a z im u t h  i s  a c c u r a t e l y  known. 
An a z im u t h  s ea rch  was c a r r i e d  o u t  on t h e  f i r s t  15 seconds o f  d a t a  f rom  some 
s e l e c t e d  e v e n t s  in  v a r i o u s  d i s t a n c e  r a n g e s ,  commencing f r o m  t h e  f i r s t  o n s e t .
A one second window was p la c e d  ove r  t h e  s i g n a l  and t h e  TAPs were formed 
by v a r y i n g  t h e  a z im u th  f r o m  0° t o  360° in  s t e p s  o f  10° .  The w id e  a z im u th  
range was n e c e s s a r y  t o  i n c l u d e  the  p o s s i b i l i t y  o f  a z i m u t h a l  s c a t t e r i n g .  For  
each a z im u th  t he  s low ness was v a r i e d  between 13 s /deg  and 7 s /deg  in  s te p s  
o f  0 . 3  s / d e g .  The TAPs were then sea rched  f o r  t he  h i g h e s t  maximum and th e  
c o r r e s p o n d i n g  a z i m u t h  was rec o rded  as a c o a r s e  e s t i m a t e  o f  th e  s i g n a l ' s  
d i r e c t i o n .  The c o r r e l a t i o n  window was th en  moved by a b o u t  h a l f  a second 
(14 samples i n t e r v a l )  and t h e  measurements were  re p e a te d  u n t i l  15 seconds 
o f  t h e  re c o r d  l e n g t h  were c o v e r e d .  I t  was c o n f i r m e d  t h a t  t h e  c o a r s e  
e s t i m a t e  o f  t he  a z im u th  d i d  n o t  d i f f e r  by more than  ±10° f rom  t h e  a c t u a l  
a z im u t h  (d e t e r m in e d  f rom t h e  l . S . C .  l o c a t i o n  e s t i m a t e s ) ,  e x c e p t  v e r y  
o c c a s i o n a l l y  when th e  SNR was low.  Once i t  was known t h a t  t h e  e f f e c t s  o f  
a z im u th  s c a t t e r i n g  were n o t  s e r i o u s ,  a f i n e  s e a rc h  was c a r r i e d  o u t  between 
3 1 0 ° and 3&0° by v a r y i n g  t h e  az im u th  in  s t e p s  o f  2° f o r  a more a c c u r a t e  
e s t i m a t e .  The range and s t e p s  o f  t he  s low ness  were k e p t  t h e  same t o  a v o id  
an u nw a r ran te d  " t r a d e - o f f "  between the  s low ness  and a z i m u t h  o f  l a t e r  
a r r i v a l s .  These r e s u l t s  f o r  t h e  e s t i m a t e d  a z im u th  d u r i n g  t h e  f i n e  sea rch  
f o r  t h e  even t  in  F i g u r e  3 -5  a r e  shown in  F i g u r e  3 - 7 .  T h i r t y  measurements 
o f  a z im u th  show a mean a z im u t h  o f  336 .7 °  ( a g a i n s t  t h e  l . S . C .  e s t i m a t e  3 3 8 . 5 ° )  
w i t h  a s ta n d a r d  e r r o r  0 .8 1 °  and a s t a n d a r d  d e v i a t i o n  o f  4 . 3 8 ° .  The R.M.S.  
e r r o r  i n  t h e  measurements e s t i m a t e d  on t h e  b a s i s  o f  K e l l y ' s  f o r m u l a e  ( K e l l y ,  
1964) ,  u s in g  a 0.1 second e r r o r  in th e  measured o n s e t  t i m e s ,  i s  3 - 5 ° .
A l t h o u g h  t h e r e  a r e  sometimes l a r g e r  d e v i a t i o n s  f r o m  t h e  t r u e  a z i m u t h ,  t h e s e
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a r e  v e r y  l o c a l i z e d  in  t i m e .  A com pa r ison  o f  t h e  r e s u l t s  o f  d i f f e r e n t  
e v e n t s  shows t h a t  such d e v i a t i o n s  a r i s e  m o s t l y  because o f  poor  SNRs. T h i s  
e x e r c i s e  showed t h a t  s lowness  a n a l y s i s  c o u ld  be c a r r i e d  o u t  u s in g  a f i x e d  
a z im u t h  w i t h o u t  l o s s  o f  a c c u r a c y .  Wherever  a p o s s i b i l i t y  o f  a z i m u t h a l  
a n o m a l i e s  a r o s e ,  t h e  method d e s c r i b e d  he re  has been used t o  d e t e r m i n e  t h e  
a z im u t h s  o f  t h e  e v e n t s  in  q u e s t i o n .
The a z im u t h  o f  t h e  sou rce  g i v e n  in  t h e  l . S . C .  b u l l e t i n  was used
t  h
in  f o r m i n g  t h e  TAPs f o r  t h e  N r o o t  p r o c e s s .  For  a 14 samples r e c o r d  l e n g t h  
t h e  p a r t i a l  sums a r e  formed f o r  a l l  s low nesses  between 14.0 s /d e g  and 6 . 0  
s / d e g .  These p a r t i a l  sums a r e  m u l t i p l i e d  p o i n t  by p o i n t  and ave raged  ove r  
t h e  c o m p le te  i n t e r v a l .  Maxima a r e  l o c a t e d  i n  t h e  TAP and the  s lowness  
c o r r e s p o n d i n g  t o  t h e  h i g h e s t  maximum i s  re c o rd e d  as t he  measure o f  s lowness  
a t  t he  c o r r e s p o n d i n g  t i m e .  T h i s  14 sample d a t a  s e t  i s  now r e p l a c e d  by t h e  
n e x t  14 sample d a t a  s e t  and the  p rocess  o f  m easu r ing  s lowness  i s  c o n t i n u e d  
f o r  30 seconds .  R e s u l t s  o f  the measurement  f o r  t h e  e v e n t  o f  F i g u r e  3*5 a r e  
shown in  F i g u r e  3 - 8 .  In t h i s  f i g u r e  t h e  c i r c l e s  a t  any g i v e n  t im e  i n d i c a t e  
t h a t  a maximum has been observed  in t h e  TAP o u t p u t  w i t h  t h e  c o r r e s p o n d i n g  
s lo w n e s s .  The v e r t i c a l  l i n e ,  wh ich  s t a r t s  on t h e  X - a x i s  be low each c i r c l e ,  
i s  p r o p o r t i o n a l  t o  t he  ene rgy  in  t he  c o r r e l a t o r  o u t p u t .
A f t e r  a l l  t h e  e v e n ts  o f  a " b a t c h "  a r e  p r o c e s s e d ,  t h e  s lowness  
d a t a  a r e  e d i t e d  i n t o  a d i s c  f i l e  f o r  f u r t h e r  a n a l y s i s .  D u r ing  t h i s  e d i t i n g  
p r o c e s s ,  t h e  d e t a i l s  o f  t he  l o c a t i o n  and o r i g i n  t im e  and t h e  t im e  f o r  s t a r t i n g  
t h e  measurements a r e  added so t h a t  t h e s e  can be used when a s lo w n e s s -  
e p i c e n t r a l  d i s t a n c e  c u r v e  i s  c o n s t r u c t e d .
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CHAPTER k
WRA SLOWNESS AND TRAVEL TIME DATA
Even ts  s e l e c t e d  on the  b a s i s  o f  t h e  c r i t e r i a  o u t l i n e d  in S e c t i o n  
3 . 6  a r e  l i s t e d  in T a b le  A1 (Append ix  A ) .  T h i s  t a b l e  a l s o  i n c l u d e s  some 
e v e n t s  w h ich  were added a t  a l a t e r  s ta g e  t o  examine  some d i s t a n c e  ranges 
( p a r t i c u l a r l y  beyond 46° )  w h ic h  were p o o r l y  cove red  i n  t h e  l i m i t e d  a z im u t h  
range (3^0° ± 5 ° )«  l . S . C .  e s t i m a t e s  o f  t h e  f o c a l  p a r a m e te rs  and t h e  o r i g i n  
t i m e ,  as w e l l  as t h e  ex tended e p i c e n t r a l  d i s t a n c e s  ( S e c t i o n  3»*0 and 
t h e  c o r r e s p o n d i n g  c o r r e c t i o n s  t o  t h e  t r a v e l  t im e s  (co lumns V I I I  and IX 
r e s p e c t i v e l y ) ,  a r e  a l s o  i n c l u d e d .  Column 1 o f  t h i s  t a b l e  g i v e s  t h e  ev e n t  
number ass ig n e d  t o  each ev e n t  f o r  r e t r i e v a l  f r om  th e  d i g i t a l  m a g n e t i c  t a p e .
In a l l  subsequen t  d i s c u s s i o n s  e v e n t s  a r e  r e f e r r e d  t o  by t h i s  ev e n t  number .
The s lowness  o f  th e  f i r s t  a r r i v a l ,  o r  any a r r i v a l  f o r  t h a t  m a t t e r ,  
r e p r e s e n t s  t h e  s l o p e  o f  t h e  a s s o c i a t e d  t r a v e l  t i m e  c u r v e  a t  t he  c o r r e s p o n d i n g  
e p i c e n t r a l  d i s t a n c e .  Any d e v i a t i o n  o f  t he  measured v a l u e s  f r o m  t h o s e  o f  t h e  
s l o p e s  o f  t h i s  t r a v e l  t im e  c u r v e  i n d i c a t e s  a b i a s  in  t h e  measurements.  To 
d e t e r m i n e  th e  e x i s t e n c e  o f  any s y s t e m a t i c  b i a s  w h ic h  c o u ld  be caused by t h e  
s t r u c t u r e  benea th  t h e  a r r a y ,  i t  i s  t h e r e f o r e  n e c e s s a r y  t o  d e t e r m i n e  th e  t r a v e l  
t i m e  c u r v e  w h ic h  f i t s  t h e  a r r i v a l  t im e  d a t a  a t  WRA.
k . i  OBSERVED TRAVEL TIMES.
To d e t e r m i n e  t h e  t r a v e l  t im e  c u r v e ,  a r r a y  beams o f  WRA t r a c e s  o f  
t h e  e v e n ts  o f  T a b l e  A1 were formed by u s i n g  t h e  l . S . C .  f o c a l  p a r a m e te rs  and 
t h e  c o r r e s p o n d i n g  s low nesses  d e te r m in e d  f r o m  t h e  J - B  t r a v e l  t i m e  c u r v e .
The o n s e t  t im e s  o f  t h e  e v e n ts  were then  read f r o m  t h e  SNR-enhanced r e c o r d s  t o  
t h e  n e a r e s t  t e n t h  o f  a second .  The t r a v e l  t im e s  were computed u s in g  l . S . C .  
o r i g i n  t im e s  and th e y  were then  c o r r e c t e d  f o r  f o c a l  d e p t h s .  On some e v e n ts  
t h e  SNR d i d  no t  p e r m i t  an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  o n s e t  t i m e s .  These
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e v e n ts  were e x c lu d e d  f rom t h e  t r a v e l  t im e  d a t a .  T r a v e l  t im e s  o f  185 e v e n ts  
in  t h e  d i s t a n c e  range 15° “  46° a r e  p l o t t e d  in  F i g u r e  4.1 as a f u n c t i o n  o f  
t h e  ex tended  e p i c e n t r a l  d i s t a n c e ,  u s ing  a r e d u c i n g  v e l o c i t y  o f  11 .5  km/s.  
The J - B  t r a v e l  t im e  c u r v e  has been supe r im posed  on t h i s  f i g u r e  t o  a l l o w  a 
c o m p a r i s o n .  T h i s  f i g u r e  shows t h a t  t h e  WRA a r r i v a l  t im e s  a r e ,  in  g e n e r a l ,  
e a r l i e r  than  t h e  J - B  t i m e s .  In some d i s t a n c e  ranges  t h e  d i f f e r e n c e s  in t h e  
WRA a r r i v a l  t im e s  f rom th o s e  o f  t h e  J -B  c u r v e  a r e  s m a l l e r  th an  th o s e  in 
o t h e r  d i s t a n c e  ranges .
To o b t a i n  t h e  t r a v e l  t im e  c u r v e  f o r  WRA, a p o l y n o m ia l  was f i t t e d
t o  th e  obse rved  f i r s t  a r r i v a l  t r a v e l  t i m e s  u s i n g  r e g r e s s i o n  a n a l y s i s .  A
t  h
p o l y n o m ia l  o f  t h e  4 degree  in  t h e  e p i c e n t r a l  d i s t a n c e  gave a r o o t  mean
square  d e v i a t i o n  o f  1 .5 seconds f o r  185 p o i n t s .  A h i g h e r  d eg ree  p o l y n o m ia l
t  h
d i d  n o t  reduce  th e  mean square  d e v i a t i o n  e s t i m a t e .  T h i s  4 de g re e  
p o l y n o m i a l ,  w h ic h  r e p r e s e n t s  t h e  e s t i m a t e d  t r a v e l  t i m e  c u r v e  f o r  t h e  f i r s t  
a r r i v a l s  a t  WRA, i s  g i v e n  by:
T = Ao + A 1 . A + A2 .A 2 + A 3 . A3 + A 4 . A4 
where
Ao = - 1 4 6 .7 8 2 9  
A1 = 37.69691 
A2 = -1 .2 3 0 1 2 3  
A3 = 0.02319454  
A4 = -0 .0001647501
and T and A a r e  t h e  t r a v e l  t i m e  and e p i c e n t r a l  d i s t a n c e  r e s p e c t i v e l y .
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4.2 MEASURED SLOWNESS VALUES.
The estimated slownesses, as determined by the N*"^ 1 root processing 
of the selected events, are plotted in Figure 4.2 as a function of epicentral 
distance. A slant line is drawn for each measured slowness at a time which 
corresponds to the beginning of the correlation window. The slope of the 
line is made to represent the slowness (s/deg) and its length is made 
proportional to the energy in the correlator output. An examination of the 
slant lines reveals that they do not, in general, plot along the tangents 
of the travel time curve but deviate from them such that most of them show 
a higher slope compared to that of the travel time curve. Suggestions that 
the slowness estimates at V/RA from events to the north are normally higher 
than the expected ones have earlier been made in various studies (Cleary 
et a 1 ., 1 9^8 ; Wright, 1970; Simpson ejt^ aj_., 1 974) . Pending a finer correction 
to the slowness data, which would be possible only when the nature of the 
travel time curve is more precisely determined, the measured slownesses 
in this figure have been reduced by 5%, which is an average based on the 
decreases suggested by Wright (1970 b) and Simpson et al. (1974). This 
correction makes the slownesses roughly comparable to those determined by 
differentiating the WRA travel time curve. Because of the narrow azimuth 
range chosen any bias in the correction factor is not likely to affect 
significantly the slowness-epicentral curve or the inferences made from it.
An important feature of the slowness measurements has been a 
variation in the estimated slowness along the seismic wavetrain such that 
it is difficult to determine whether the variations are features of the 
travel time curve or whether they arise from the limitations of the 
measurement procedures and noise levels in the records. The estimates for 
the first arrivals are likely to be less contaminated because of a fair chance 
of sampling a pure phase in the measurement window. If the slowness of the 
first arrival is estimated as a function of epicentral distance it may be 
possible to identify bends in the travel time curve, which can be examined
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F i g u r e  4 . 2  R e s u l t s  o f  s l o w n e s s  a n a l y s i s  o f  t h e  e v e n t s  i n  t h e  a z i m u t h  
r an ge  3 3 5 ° " 3 4 5 ° ■  Each s l a n t  l i n e  i n d i c a t e s  a mea s u r ed  
v a l u e  o f  s l o w n e s s .  The l e n g t h  o f  t h e  s l a n t  l i n e  has been 
made p r o p o r t i o n a l  t o  t i i e  e n e r g y  i n  t h e  c o r r e l a t o r  o u t p u t .
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l a t e r  i n  t h e  l i g h t  o f  s u p p o r t i n g  e v id e n c e  f r o m  t h e  l a t e r  a r r i v a l s .
For each even t  t h e  o n s e t  t im e  o f  t h e  f i r s t  a r r i v a l  i s  p i c k e d  up on
an SNR-enhanced r e c o r d  ( t o t a l  a r r a y  sum o f  phased beam) and t h e  c o r r e s p o n d i n g
t  h
s lowness  is  ta ken  f r om  t h e  N r o o t  e s t i m a t e s  w h ic h  have been dec reased
by S%- Even ts  f o r  wh ich  s i g n a l  o n s e t s  were  n o t  c l e a r  have been e x c lu d e d  f ro m
t h e  f i r s t  a r r i v a l  d a t a .  The s i g n a l s  f o r  t h e  chosen e v e n ts  t r a v e l  th e  a r r a y
m o s t l y  a lo n g  th e  "BLUE" l i n e ,  so t h a t  t h e  i n s t r u m e n t s  o f  t h i s  l i n e  a r e
h e a v i l y  w e ig h te d  d u r i n g  t h e  s lowness  s e a r c h .  T h e r e f o r e ,  e v e n t s  f o r  w h ic h
a t  l e a s t  seven c h a n n e ls  on th e  "BLUE" l i n e  were n o t  o p e r a t i o n a l  have a l s o
t hbeen e x c l u d e d .  The s i n g l e  e s t i m a t e  o f  s low ness  o b t a i n e d  by th e  N r o o t  
p ro c e s s  i s  taken  as t h e  s lowness  o f  t h e  f i r s t  a r r i v a l .  The approach  o f  
u s in g  a " s i n g l e  e s t i m a t e "  i s  p r e f e r r e d  o v e r  t h a t  o f  u s in g  " m u l t i p l e -  
m e a s u re m e n ts -a v e ra g e d "  because :
1. t h i s  reduces an unw a r ran te d  sm oo th ing  between c l o s e l y - s p a c e d  
b ranches  o f  t h e  t r a v e l  t im e  c u r v e ,  t h u s  p r e s e r v i n g  th e  o r i g i n a l  
c h a r a c t e r  o f  t he  f i r s t  a r r i v a l  d a t a ;
2.  when t h e  f i r s t  a r r i v a l  s lowness  d a t a  a r e  p l o t t e d  as a f u n c t i o n  
o f  e p i c e n t r a l  d i s t a n c e ,  t h e  t r e n d  o f  t h e  o b s e r v a t i o n s  can be 
used t o  l o c a t e ,  and then  i n v e s t i g a t e ,  t h e  anomalous r e g i o n s .
Once th e  o r i g i n a l  da ta  has been examined some a v e r a g i n g  
p r o c e d u r e  ( i f  i t  becomes n e c e s s a r y )  can be a d o p te d .
4 . 3  FIRST ARRIVAL SLOWNESS DATA.
The f i r s t  a r r i v a l  s lowness  da ta  f o r  167 e v e n ts  in  t h e  d i s t a n c e  
range  15° -  *46° i s  g i v e n  in  T a b le s  *4.2 (a ,  b ,  c ,  d ,  e and f )  and i s  p l o t t e d  
i n  F i g u r e  *4.3 as a f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e .  A l t h o u g h  some t r e n d s  
in  t h e  d a t a  a re  a p p a r e n t ,  t h e  s c a t t e r  i s  f a i r l y  l a r g e .  I t  i s  p o s s i b l e  t o  
f i t  a p o l y n o m ia l  t h r o u g h  t h i s  d a ta  so t h a t  t h e  s lowness  can be ex p ressed  as 
a smooth f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e .  The i m p l i c a t i o n s  o f  such p o l y n o m i a l  
f i t t i n g ,  however ,  a r e  t h a t  t he  f i n e  s t r u c t u r e  o f  t he  o b s e r v a t i o n s  w i l l  be
84
t •
% •
vV
•  •
fr-
•  •
• —/  • • • • •
«*
•  •
cn jz o  CN oo
(aaj6ap/spuooas) SS3NM01S
o
CO
o
. K
CO
CO
' CO
. oo
CN
. uo
CN
. CN 
CN
. O
J O 
nT
vD
-T
V 
< 1
V
o
vT»
CDcn
c
ro
03
■Min
i_
u .
ro
- 3"
(D
1_
33
CD
Li_
EP
IC
EN
TR
AL
 
DI
ST
AN
CE
 
(d
eg
re
es
)
85
smoothed out while the resulting polynomial relationship will be weighted 
in favour of those distance ranges where the density of observations is large 
(cf. Corbishley, 1970)* Obviously, the objective of the exercise is to 
search for discontinuities in the velocity, or the velocity gradient, if 
any are present. Therefore, a different approach for examining these data 
must be adopted so that small observable trends can be preserved. To 
estimate the variation in the slowness of the first arrival with epicentral 
distance these data are grouped so that:
. Each group includes at least four events.
. If there are more than four events in a group the distance
range in that group does not exceed a 1° interval.
. There is a maximum of ten observations in each group.
Events from the group-to-group and within groups are 
arranged in an ascending order of distance.
The mean slowness in each group is then taken as the measure of slowness 
at the corresponding distance. Table *4.1 gives these averaged slownesses 
and the corresponding epicentral distances along with the event numbers 
which are included in each group. These results are plotted in Figure *4 .*4 .
In this figure the vertical bars show the standard errors. The number of 
events included in each group is marked below each point. The averaging 
procedure provides a fairly uniform distribution of points on the slowness- 
epicentral distance plot. A weakness of this averaging procedure lies in 
the. scarcity of the observations near certain epicentral distances. The 
procedure also assumes that the rate of change of slowness per degree is 
small compared to the accuracy of the measurements and the I.S.C. 
determinations of the focal parameters. These assumptions, though only 
partly valid, are not likely to affect the results because any inference 
drawn in favour of discontinuities from this averaged data will be accepted 
only if the existence of the discontinuities can be justified on the basis 
of the implied later arrival branches. Figure *4.*4 is thus used only to
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TABLE 4.1 FIRST ARRIVAL DATA (GROUPED EVENTS)
Group
No.
Event Numbers f o r  the  events 
inc lu ded  in ave rag ing .
Mean
d i s tance 
Deg.
Mean
s 1owness 
s/deg
Standard 
e r r o r  o f  
SIowness
1 4 ,1 5 ,1 5 9 ,6 17.08 1 1 .83 0.20
2 5 ,106 ,14 ,158 18.17 1 1 .72 0.09
3 162 ,77 ,256 ,60 19-42 1 1 .50 0.12
4 99,102 ,101 ,147 ,103 20.28 1 1 .20 0.17
5 100,79 ,84,127 21 .76 10.31 0.05
6 82,81 ,3 3 ,3 5 ,7 6 ,5 8 ,3 1 ,8 5 ,4 2 ,5 0 22.90 10.42 0.08
7 40,41 ,51 ,1 17 ,7 3 ,1 7 5 ,4 9 ,1 2 4 ,1 1 9 ,1 0 23.31 10.26 0.07
8 6 1 ,2 9 ,3 0 ,2 ,1 5 6 ,1 2 9 ,1 6 4 ,8 3 ,6 6 ,9 0 2 3 . 6 9 10.19 0.12
9 105 ,86 ,13,168 24.46 9.68 0.40
10 1 4 5 ,3 8 ,7 0 ,9 6 ,4 4 ,6 7 2 5 . 4 9 9.32 0.07
11 1 2 8 ,55 ,4 3 ,7 5 ,1 3 3 ,3 6 26.60 9.14 0.02
12 3 7 ,1 54 ,1 67 ,8 9 ,1 4 8 ,1 1 1 ,1 0 8 ,1 1 0 ,7 4 ,1 1 3 27.92 9.24 0.09
13 1 3 2 ,4 7 ,1 0 9 ,7 1 ,1 1 2 ,3 4 ,3 9 ,1 4 3 ,9 3 ,9 5 28.72 9.19 0.10
14 122,153 ,151 ,150 ,116 29.92 8.80 0.17
15 163,56,213,141 30.82 9.05 0.18
16 1 2 ,53 ,172 ,252 ,134 ,211 ,248 31 .73 9.00 0.12
17 205 ,210 ,63 ,190 32.88 8.98 0.27
18 160 ,166 ,123 ,196 ,198 ,52 3 4 . 3 0 8 . 9 8 0.25
19 237 ,69 ,193 ,208 3 6 . 0 6 9.19 0.13
20 206 ,194 ,21 5 ,1 4 6 ,1 3 1 ,1 ,2 0 3 ,2 0 4 36.81 8.70 0.14
21 199,201 ,24 1 ,68 ,16 1 ,19 1 ,2 0 2 ,2 00 ,2 8 ,9 4 3 7 . 6 3 8.85 0.06
22 1 6 5 , 1 9 2 , 6 2 , 2 0 7 38.11 8 . 9 5 0.03
23 8 7 , 1 2 0 , 1 7 3 , 1 3 6 39-79 8.40 0.02
24 5 7 , 1 5 2 , 1 5 7 , 2 5 7 , 2 3 9 , 7 8 , 1 2 6 40.93 8.60 0.02
25 137 ,140,46,174,121 41 .72 8 . 3 6 0.13
26 1 7 7 , 2 0 9 , 9 8 , 1 3 8 43.62 7 . 9 4 0.04
27 8 8 , 5 9 , 9 , 3 2 44.91 8.16 0.3
28 65 ,2 27 ,1 97 ,21 4 ,17 ,19 5 45.60 8.06 0.19
(4
) 
(4
)
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EPICENTRAL DISTANCE (degrees)
F i g u r e  4 . 5 F i r s t  a r r i v a l  s l owness  da ta  p l o t t e d  f o r  d i f f e r e n t  
segments o f  e p i c e n t r a l  d i s t a n c e  (see S e c t i o n  4 . 3 ,  
t e x t ) .
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TABLE 4.2(a) F I R S T  A R R I V A L  SLOWNESS DATA,  16.65° <A< 20.45°
S. No. Event No. A
Deg .
SIowness 
s/deg
1 4 16.65 11.50
2 15 16.90 12.19
3 159 17.04 11 .83
4 6 17.72 11 .81
5 5 17.85 11 .81
6 106 18.11 11.56
7 14 18.34 11 .72
8 158 18.41 11.82
9 162 18.90 11.64
10 77 19.44 11 .64
11 256 19-51 11 .29
12 60 19.81 11 .47
13 99 20.04 11.11
14 102 20.26 11.74
15 101 20.31 11.03
16 147 20.37 11.11
17 103 20.45 11.03
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onse t .  T h is  im p l ies  a t r i p l i c a t i o n  in the  t r a v e l  t ime cu rve .  A t h i r d  
cause,  which is  aga in  a s soc ia ted  w i t h  a t r i p l i c a t i o n  but  a t  a f u r t h e r  
d i s t a n c e ,  could  be t h a t  two branches o f  the  t r a v e l  t im e  cu rve  are  so c lo s e  
t h a t  the  a r r i v a l s  on the  two branches are  not  r e s o l v e d .  The measurements,  
t h e n ,  produce slowness e s t im a tes  t h a t  l i e  between those o f  the  two branches.  
When these  branches become sepa ra ted ,  a change in the  s lowness w i l l  aga in  be 
obse rved ,  so t h a t  the  f i r s t  a r r i v a l  s lowness data may i n d i c a t e  the 
occu r rence  o f  an e x t r a  t r i p l i c a t i o n  which is  no t  r e a l .  A cho ice  o f  one o r
more o f  these  f a c t o r s  as the cause o f  the  observed v a r i a t i o n  in the  slowness 
w i l l  be made by t a k in g  i n t o  account  the  a m p l i t u d e s  and s lownesses o f  the  f i r s t  
and l a t e r  a r r i v a l s  f o r  the  ensemble o f  even ts  in the  re le v a n t  d i s t a n c e  range.
SEGMENT I 1 , 21.25° ~ 2 b . 0 b ° .
There is  no event  between 20.A5° and 2 1 .2 5 ° .  Beyond 21.25°  t h e r e  
is  a s teep  f a l l  in the slowness o f  the  f i r s t  a r r i v a l .  Slowness data on 3b 
events  (Tab le  b . 2  b, S ec t ion  I )  o f  F ig u re  A . 5 )  i n d i c a t e  t h a t  t h i s  d i s t a n c e  
range can be c h a r a c te r i z e d  by an a lm ost  c o n s ta n t  s lowness,  excep t  f o r  a few 
even ts .  I t  is  p robab le  t h a t  some o f  the  o b s e r v a t i o n s  which do not  f i t  the  
genera l  t r e n d  r e s u l t  f rom measurement e r r o r s  o r  anomalous e f f e c t s  near the  
source.  To reduce the  b ias  r e s u l t i n g  f rom these  u n c e r t a i n t i e s ,  even ts  whose 
s lowness e s t im a te s  l i e  o u t s i d e  the  range S ± 2a,  where S i s  the  mean 
s lowness and ö is  the  s tandard d e v i a t i o n ,  a re  excluded f rom f u r t h e r  a v e ra g in g .  
T h is  c o n s t r a i n t  r e s u l t s  in  the  e x c lu s io n  o f  f i v e  even ts  ( v i z .  33, 73,  30, 16b 
and 66 which a re  marked w i t h  * )  le a v ing  29 even ts  in t h i s  segment. To t e s t  
the  v a r i a t i o n  in s lowness in t h i s  segment the  comp le te  d i s t a n c e  range is  
d i v i d e d  i n t o  h a l v e s .  The mean slowness f o r  the  15 events  in the  f i r s t  h a l f  
i s  10.36 ± 0 . 0 b  s /deg .  The second h a l f ,  c o m p r is in g  the  remain ing  \ b  e v e n ts ,  
g i v e s  a s lowness o f  1 0 . 3A -  0 .03 s /deg .  The two averages do not  d i f f e r  by 
more than the s tandard  e r r o r  o f  each h a l f .  The comple te  segment, t h e r e f o r e ,  
can be c h a r a c t e r i z e d  by an a lmost  co n s ta n t  s lowness o f  10.35 ± 0.03 s /deg .
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TABLE 4 .2 ( b )  FIRST ARRIVAL SLOWNESS DATA, 21.25°  <A< 24.04°
S. No. Event A
Deg.
Slowness 
s/d eg
S. No. Event
No.
A
Deg .
SIowness 
s/deg
1 100 21 .25 10.23 18 117 23.30 10.40
2 79 21 .58 10.27 19 73* 23.31 9.82
3 84 22.01 10.40 20 175 23.83 10.37
4 127 22.21 10.33 21 49 23.3*) 10.45
5 82 22.60 10.67 22 124 23.41 10.23
6 81 22.79 10.50 23 119 23.42 10.19
7 33* 22.85 10.80 24 10 23-^5 10.35
8 35 22.85 10.45 25 61 23.45 10.49
9 76 22.92 10.41 26 29 23 .48 10.34
10 58 22.93 10.31 27 30* 23.48 9-79
11 31 22.99 10.44 28 2 23 = 57 10.38
12 85 23.00 10.31 29 156 2 3 . 6 7 10.50
13 42 23.05 10.35 30 129 23-73 10.41
14 50 23.08 10.01 31 1 64* 23.79 9 . 6 9
15 40 23.15 10.31 32 83 2 3 . 8 3 10.14
16 41 23.15 10.40 33 66* 23.88 9.73
17 51 23.19 10.05 34 90 24.04 10.44
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The de c re a s e  in s lowness  a t  abou t  21° i s  t h u s  l a r g e  enough t o  be a s s o c i a t e d  
w i t h  a v e l o c i t y  i n c r e a s e ,  and i t  i s  i n f e r r e d  t h a t  t h e  f i r s t  a r r i v a l  in  the  
d i s t a n c e  range 21° -  24° has t r a v e r s e d  a r e g i o n  o f  h ig h  v e l o c i t y  g r a d i e n t s .
SEGMENT I I I ,  2 4 .1 9 °  ~ 2 9 . 3 3 ° .
S lowness e s t i m a t e s  in  t h i s  d i s t a n c e  ra n g e ,  w h ic h  i s  sp read  ov e r  
a 5° i n t e r v a l  o f  e p i c e n t r a l  d i s t a n c e ,  a r e  based on 35 e v e n t s  (T a b le  4 . 2  c ,  
S e c t i o n  I I I o f  F i g u r e  4 .5 ) .  Among t h e s e  e v e n t s  t h e  e s t i m a t e d  s lo w ness  f o r  
a l l  e v e n t s  e x c e p t  one (Event  No. 13) l i e  w i t h i n  Sm ± 2ö,  i n d i c a t i n g  t h e  
s t a b i l i t y  o f  t h e  measurements.  The mean s lo w ness  f o r  t h e  e n t i r e  d i s t a n c e  
range is  9-21 ± 0 .04  s / d e g .  The p roc es s  o f  d i v i d i n g  t h e  e v e n ts  i n t o  two 
g r o u p s ,  as b e f o r e ,  and a v e r a g i n g  t h e  s lo w n e s s ,  r e v e a l s  t h a t  t h e  mean 
s lo w ness  f o r  t h e  f i r s t  h a l f  (17 e v e n t s )  i s  9 .1 7  ± 0 .0 7  s / d e g ,  whereas t h a t  
f o r  t h e  second h a l f  ( t h e  r e m a in in g  17 e v e n t s )  i s  9 .2 4  ± 0 . 0 6  s / d e g .  The 
s lowness  e s t i m a t e s  f o r  t h e  two h a l v e s  th u s  do n o t  d i f f e r  by more th a n  th e  
s ta n d a r d  e r r o r s  o f  t h e  h a l v e s .  Hence,  t h e  c o m p le t e  range o f  d i s t a n c e  can be 
c h a r a c t e r i z e d  by a c o n s t a n t  s lo w ness  o f  9 .21 ± 0 .0 4  s /d e g  a g a i n s t  th e  
e s t i m a t e d  s lowness  o f  10.35 s /d eg  between 21° -  2 4 ° .  I t  i s  t h e r e f o r e  
i n f e r r e d  f r o m  t h i s  s e t  o f  o b s e r v a t i o n s  t h a t  t h e  s lowness  d ro p s  down a b r u p t l y  
f r o m  10 .35 s /deg  t o  9-21 s /d e g  a t  a d i s t a n c e  near  2 4 ° .  T h i s  d r o p  in  s lo w n e s s ,  
w h ic h  i s  abou t  1 s /d eg  o v e r  a d i s t a n c e  i n t e r v a l  o f  l e s s  t han  1° ,  i m p l i e s  t h e  
appea ra nce  a t  t h i s  d i s t a n c e  o f  a new f i r s t  a r r i v a l  w h ic h  has t r a v e r s e d  a 
r e g i o n  o f  i n c r e a s e d  P-wave v e l o c i t y .  In t h e  v e l o c i t y  d i s t r i b u t i o n  o f  J e f f r e y s  
(1939)  t h i s  d i s t a n c e  i s  a s s o c i a t e d  w i t h  a b o t t o m in g  d e p th  o f  ab o u t  650 km.
The m agn i tude  o f  t he  change in  s lowness  i n d i c a t e s  a v e l o c i t y  i n c r e a s e  o f  abou t  
6% o f  t he  v e l o c i t y  near  t h i s  d e p t h .  The sha rpness  o f  t h e  v e l o c i t y  i n c r e a s e  
w i l l  be d e te r m in e d  by t h e  c o r r e s p o n d i n g  r e f r a c t i o n  and r e f l e c t i o n  b ranches  o f  
t h e  t r a v e l  t im e  c u r v e .
The c o n s t a n c y  o f  t h e  s lowness  i n d i c a t e s  t h a t  beyond th e  r e g i o n  o f  
v e l o c i t y  i n c r e a s e  th e  v e l o c i t y  g r a d i e n t s  a r e  low f o r  a t  l e a s t  100 km d e p th
S.l
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TABLE 4.2(c) FIRST ARRIVAL SLOWNESS DATA, 24.19° <A< 29.33'
Event
No.
A
Deg .
SIowness 
s/d eg
S. No. Event
No.
A
Deg.
SI own 
s/dec
86 24.19 9.02 19 89 27.78 9.55
1 3* 24.56 10.10 20 148 27.84 9.53
168 25.05 9.18 21 111 28.04 9.11
145 25.11 9.44 22 108 28.06 9.11
38 25.17 9.35 23 110 28.18 9.33
70 25.41 9.25 24 74 28.25 9-59
96 25.58 9.25 25 113 28.28 9.02
44 25.63 9.51 26 132 28.39 8.85
67 26.09 9.51 27 47 28.41 9.36
128 26.12 8.93 28 109 28.50 9.11
55 26.30 9.50 29 71 28.53 9.46
43 26.65 8.68 30 112 28.53 8.84
75 26.69 9.48 31 34 28.59 9-57
133 26.74 8.77 32 39 28.65 8.91
36 27.12 9.^5 33 143 28.94 9.09
37 27.45 8.19 34 93 29.29 9.48
154 27.67 9.44 35 95 29.33 9.25
167 27.68 9.00
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i n t e r v a l .  Constant  slowness im p l i e s ,  in f a c t ,  s l i g h t l y  n e g a t i v e  v e l o c i t y  
g r a d i e n t s .  These small  n e g a t i v e  g r a d i e n t s  do not  cause shadow zones,  but  
have e f f e c t s  on the  ex te n s io ns  o f  t r a v e l  t im e  branches r e s u l t i n g  f rom 
d i s c o n t i n u i t i e s  a t  t h e i r  bases.  T h is  aspect  w i l l  be examined in  g r e a t e r  
d e t a i 1 in Chapter 5-
SEGMENT IV, 29 .5° ~ 3 8 . 4 ° .
In t h i s  d i s t a n c e  range f i f t y - t w o  even ts  a re  a v a i l a b l e  (Table 4 .2  d,
S ec t ion  IV o f  F ig u re  4 . 5 ) .  Only f o u r  o f  them have slownesses which a re
o u t s i d e  the  S ± 2a l i m i t s  ( v i z .  Event Nos. 160, 123, 146 and 203 ) .  The mean 
m
slowness f o r  the  remain ing 48 events  is  8.94 ± 0.04  s /deg .  The mean slowness 
f o r  the f i r s t  24 even ts  is  8 .95  ± 0.06  s /deg ,  whereas t h a t  f o r  the  nex t  24 is  
8.92 ± 0 .05 s /deg .  The d i f f e r e n c e  in the  s lowness f o r  the  two d i s t a n c e  
ranges is  s m a l l .  The slowness may decrease s l i g h t l y  as the  d i s t a n c e  inc reases  
f rom 2 9 . 5° t o  38.4°  but  the  decrease  is  not  s i g n i f i c a n t  and the  mean slowness 
f o r  the  e n t i r e  range w i l l  be taken as 8.94  s /deg .  The s lowness in t h i s  
d i s t a n c e  range i s  0.3  s/deg le ss  than t h a t  in the  d i s t a n c e  range 
24.19° “  29*33° ,  so t h e re  is  a s i g n i f i c a n t  decrease a t  a d i s t a n c e  near 29 .5 ° •  
T h is  i n d i c a t e s  the  p o s s i b i l i t y  o f  a new phase emerging a t  t h i s  d i s t a n c e  as 
a f i r s t  a r r i v a l .  T h is  phase, i f  i t  e x i s t s ,  has t ra v e r s e d  a h igh  v e l o c i t y  
g r a d ie n t  a t  dep ths  near 770 km. T h is  e s t im a te  o f  the  dep th  i s  based upon the  
f a c t  t h a t  the  ray  emerging a t  29 .5°  on the  J e f f r e y s  v e l o c i t y  model bot toms 
a t  a dep th  near 770 km.
The decrease in slowness near 29.5°  is  s m a l l ,  and t h e r e  may be some 
doubt  about  the  hypo thes is  o f  a new f i r s t  a r r i v a l  phase beyond 2 9 - 5 ° .  However, 
i f  the  change in slowness is  r e a l ,  then i t  im p l i e s  a t r i p l i c a t i o n  and a t  some 
d i s t a n c e  away f rom 29-5° one m igh t  expect  t o  f i n d  c o n s i s t e n t  l a t e r  phases w i t h  
a p p r o p r i a t e  s lownesses.  Amp l i tude  and s lowness da ta  f o r  the f i r s t  and l a t e r  
a r r i v a l s ,  wh ich  w i l l  be presented  in Chapter  5 t o  examine t h i s  d i s t a n c e  range 
in g r e a t e r  d e t a i l ,  has shown t h a t  the  i n f e r r e d  v e l o c i t y  in c rease  is  r e a l .
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TABLE 4.2(d) FIRST ARRIVAL SLOWNESS DATA, 29.59° <A< 38,.42°
Event
No.
A
Deg.
SIowness 
s/deg
S .No. Event
No.
A
Deg.
SIowness 
s/deg
122 29.59 8.98 27 237 35.22 9.07
153 29.81 8.47 28 69 36.30 9.25
151 29.97 8.64 29 193 36.35 9.02
150 30.08 8.64 30 208 36.35 9.43
116 30.16 9.23 31 206 36.37 8.36
163 30.75 8.91 32 194 36.41 8.84
56 30.76 8.98 33 215 36.45 9.19
213 30.80 8.77 34 146* 36.81 8.29
141 30.95 9.36 35 131 36.91 8.68
12 31 .41 9.34 36 1 36.93 9.08
53 31 .48 9.32 37 203* 37.30 8.29
172 31.49 8.66 38 204 37.37 8.82
252 31.76 8.97 39 199 37.43 8.80
134 31 .80 8.90 40 201 37.49 8.80
211 31 .82 9.09 41 241 37.52 8.80
248 32.37 8.71 42 68 37.60 8.71
205 32.46 8.70 43 161 37.68 9.17
210 32.69 9.11 44 191 37.68 8.75
63 32.75 8.64 45 202 37.70 8.80
190 33-65 9.46 46 200 37.74 8.63
160* 33.97 8.20 47 28 37.82 9.08
166 34.07 9.48 48 94 37.82 8.98
123* 34.16 9.62 49 165 37.85 9.21
196 34.45 8.84 50 192 38.02 8.93
198 34.62 9.00 51 62 38.16 8.93
52 34.90 8.75 52 207 38.42 8.71
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SEGMENT V, 39 .25 °  -  4 l . 9 3 ° .
A de c re a s e  in s low ness  a t  a d i s t a n c e  nea r  39° i s  i n d i c a t e d  by 
F i g u r e  4 . 3 .  T h i s  d e c re a s e  becomes much more a p p a r e n t  in  F i g u r e  4 . 4 .  S i x t e e n  
e v e n ts  o v e r  a d i s t a n c e  i n t e r v a l  o f  2 . 7  deg rees  ( T a b le  4 . 2  e ,  S e c t i o n  V o f  
F i g u r e  4 . 5 )  show a mean s low ness o f  8 .53 ± 0 .09  s / d e g .  The mean f o r  t he  
f i r s t  e i g h t  e v e n ts  i f  8 . 6 6  ± 0 .14  s /deg  whereas t h a t  f o r  t h e  n e x t  e i g h t  
e v e n t s  i s  8 .40  ± 0 .1 3  s / d e g .  The ave rage  v a l u e s  o f  t h e  two h a l v e s ,  though 
d i f f e r i n g  f r o m  t h e  mean s lowness  o f  t h e  co m p le te  g roup  by o n l y  an amount 
w h ic h  i s  t h e  same as th e  s ta n d a rd  e r r o r s  o f  t h e  h a l v e s ,  d i f f e r  f r om  each 
o t h e r  by more than  t w i c e  the  s ta n d a rd  e r r o r  o f  t h e  c o m p le te  g r o u p .  T h e r e f o r e  
a de c re a s e  in  s lo w n e s s ,  as th e  d i s t a n c e  in c r e a s e s  f r o m  39 -25°  ± 4 1 . 9 3 ° ,  i s  
i n d i c a t e d .  However ,  t h e  d i f f e r e n c e  between the  mean s lowness  o f  t h i s  segment 
and t h a t  o f  segment IV i s  a t  l e a s t  as much as 0 . 3  s /d eg  even i f  t h e  l a r g e s t  o f  
t h e  two a v e rages  i s  taken  as t h e  mean s lowness  a t  3 9 - 2 5 ° .  T h i s  d e c r e a s e  in 
s lo w ness  i n d i c a t e s  a h ig h  v e l o c i t y  g r a d i e n t  a t  a d e p t h  near  900 km. The t r e n d  
o f  t h e s e  o b s e r v a t i o n s ,  as i s  i n d i c a t e d  by th e  a v e rages  o f  t he  two h a l v e s ,  
s u g g e s ts  t h a t  t he  v e l o c i t y  g r a d i e n t s  a t  d e p th s  be low t h e  v e l o c i t y  i n c r e a s e  a re  
n o t  l i k e l y  t o  be as low as th o s e  between t h e  d e p th s  d e te r m in e d  by segments 111 
and IV. T h i s  o b s e r v a t i o n  i s  sup p o r te d  by the  n a t u r e  o f  th e  t r i p l i c a t i o n  w h ich  
has been i d e n t i f i e d  near  39° (Chap te r  5 ) .
SEGMENT VI , 43 -24°  -  4 5 - 8 4 ° .
T h i r t e e n  e v e n ts  in t h e  d i s t a n c e  range ( T a b le  4 . 2  f ,  S e c t i o n  VI o f  
F i g u r e  4 . 5 )  show a mean s lowness  o f  8 .02  ± 0 .2 0  s /d eg  w i t h  7 -99  ± 0 .2 0  s /deg  
and 8 .0 6  ± 0 .2 0  s /deg  f o r  t h e  f i r s t  and second h a l v e s  r e s p e c t i v e l y .  In s p i t e  
o f  th e  sm a l l  number o f  o b s e r v a t i o n s  and t h e  l a r g e  s ta n d a r d  e r r o r s ,  t he  
o b s e r v a t i o n s  i n d i c a t e  t h a t  t he  s low ness o f  t h e  f i r s t  a r r i v a l  has changed 
a p p r e c i a b l y  a t  a d i s t a n c e  between 42° -  4 4 ° .  The change in  s lowness  i s  
between 0 . 4  and 0 .5  s / d e g .  The dec rease  in s lowness  sugges ts  t h a t  a new 
b ranch  becomes th e  f i r s t  a r r i v a l  a t  a d i s t a n c e  between 42° and 4 4 ° .
T h i s  new b ranch  has a s lowness  near  8 .0 2  s / d e g .  The a r r i v a l s  on t h i s
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TABLE 4.2(e) F I R S T  AR RIVAL SLOWNESS DATA,  39.25° <A< 41.93°
S. No. Event No. A
Deg .
SIowness 
s/deg
1 87 39-25 8.36
2 120 39-41 8.54
3 173 40.05 8.03
4 136 40.44 8.66
5 57 A o . 5 5 8.80
6 152 40.62 8.82
7 157 40.68 9.00
8 257 40.80 9.09
9 239 41.15 8.54
10 78 41 .28 8.12
11 126 41 .48 7.85
12 137 41 .49 8.75
13 140 41.61 8.58
14 46 41.64 8.64
15 174 41 .92 8.35
16 121 Al .93 8.36
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TAB L E 4 . 2 ( f )  F I R S T  A R R I V A L  SLOWNESS D AT A,  4 3 - 2 4 °  <A< 4 5 - 8 4 °
S . N o . E v e n t  No. A
D e g .
S I o w n e s s  
s / d e g
1 2 0 9 4 3 - 2 4 7 - 4 7
2 98 4 4 . 0 7 7 . 3 8
3. 138 4 4 . 2 7 8 . 4 0
4 88 4 4 . 3 0 7 - 9 5
5 59 4 4 . 8 6 7 - 7 7
6 9 4 5 . 0 5 8 . 2 1
7 32 4 5 - 4 5 8 . 7 4
8 65 4 5 . 4 8 7 . 8 8
9 227 4 5 . 4 9 7 - 9 5
10 197 4 5 . 3 3 8 . 8 4
11 17 4 5 . 7 6 7 - 7 1
12 2 14 4 5 . 7 6 7 - 9 3
13 195 4 5 - 8 4 8 . 0 3
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branch  have p e n e t r a t e d  a l a y e r  in w h ic h  th e  v e l o c i t y  i n c r e a s e s  e i t h e r  
r a p i d l y  o r  d i s c o n t i n u o u s l y . The b e h a v io u r  o f  t h e  s lowness  in  t h i s  segment 
i s  d i f f e r e n t  f r o m  t h a t  o f  segment V, i f  t h e  a v e ra g e s  o f  t he  two h a l v e s  
a r e  c o n s i d e r e d ,  bu t  i s  more l i k e  t h a t  o f  segments 111 and IV. Because 
o f  a sma l l  v a r i a t i o n  in  the  s lowness o v e r  a two de g re e s  i n t e r v a l  t h e s e  
o b s e r v a t i o n s  sugges t  t h a t  th e  v e l o c i t y  g r a d i e n t s  be low  th e  d e p th  o f  t he  
i m p l i e d  v e l o c i t y  i n c r e a s e  a re  s m a l l .  The t r i p l i c a t i o n  caused by t h i s  
v e l o c i t y  i n c r e a s e  w h ich  has been i d e n t i f i e d  on WRA d a t a  (C hap te r  5) i s  
c o n s i s t e n t  w i t h  t h e s e  o b s e r v a t i o n s .
The r e s u l t s  o f  t h i s  s e g m e n ta t i o n  have been summar ized in  T a b le  k . 3, 
where th e  mean s lownesses  o f  each g ro u p  and th e  c o r r e s p o n d i n g  two s u b -g ro u p s  
a lo n g  w i t h  th e  computed s ta n d a rd  e r r o r s  a r e  g i v e n .  On t h e  b a s i s  o f  t h e s e  
r e s u l t s  th e  d i s t a n c e  range 15° “  46° can be d i v i d e d  i n t o  s i x  ( o r  p o s s i b l y  
seven)  segments where the  s low ness  o f  t h e  f i r s t  a r r i v a l  changes more r a p i d l y  
between the  segments than w i t h i n  t he  segmen ts.  The d e c re a s e  in  s lo w ness  o f  
t h e  f i r s t  a r r i v a l  a t  th e  boundary  o f  two segments i s  i n t e r p r e t e d  as s u g g e s t i n g  
t h e  o c c u r r e n c e  o f  h i g h  v e l o c i t y  g r a d i e n t s  in  t he  m a n t l e .  However ,  a p o s i t i v e  
i d e n t i f i c a t i o n  o f  th e  sugges ted h igh  v e l o c i t y  g r a d i e n t s  can be o b t a i n e d  o n l y  
i f  t h e  i m p l i e d  t r i p l i c a t i o n s  a r e  i d e n t i f i e d .  T h i s  r e q u i r e s  e s t i m a t e s  o f  
s lo w ness  and a m p l i t u d e  in t h e  l a t e r  p a r t  o f  t h e  w a v e t r a i n .  The n e x t  two 
c h a p t e r s  w i l l  be devo ted  t o  t h i s  a n a l y s i s .
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TABLE 4.3  AVERAGE SLOWNESS VALUES OF FIRST ARRIVALS
D is tance  rang 
Group
e degrees 
Subgroup
Number o f  
even ts  used
Mean slowness 
s/deg
Standard
e r r o r
s/deg
1 7 . 0 - 1 9 . 5 8 11.75 0 . 0 6
1 9 .5 -20 .5 6 11.17 0.09
2 1 .0 -2 4 .0 29 10.35 0.03
2 1 .2 5 -23 .1 5 15 10.36 0.04
2 3 .19 -24 .04 14 10.34 0.03
2 4 .0 -2 9 .5 34 9.21 0.04
2 4 .2 -2 7 .7 17 9.17 0 . 0 7
2 7 .8 -2 9 .3 17 9 .24 0 . 0 6
2 9 . 5 - 3 8 . 5 49 8 . 9 5 0.04
2 9 . 5 - 3 4 . 9 0 25 8.96 0.05
3 5 .2 - 3 8 .4 24 8.94 0.05
3 9 .2 -4 3 .0 16 8 . 5 3 0.09
3 9 .2 5 -4 0 .8 0 8 8.66 0.14
41 .1 5 -41 .9 3 8 8 .40 0.13
4 3 .0 -4 6 .0 13 8.02 0.12
4 3 .2 - 4 5 .4 7 7.99 0.17
4 5 .4 - 4 5 .8 6 8.06 0.18
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CHAPTER 5
MULTIPLICITY IN THE TRAVEL TIME CURVE BEYOND 26°
The a n a l y s i s  in  Chap te r  k  has shown t h a t  WRA d a ta  s ugges t  r a p i d  
d ec reas es  in  t he  s lowness  o f  th e  f i r s t  a r r i v a l  a t  e p i c e n t r a l  d i s t a n c e s  near  
2 0 ° ,  2*4°, 2 9 . 5 ° ,  39° and 4 3 ° .  T r i p l i c a t i o n s  in t h e  t r a v e l  t i m e  c u r v e  a t  
d i s t a n c e s  l e s s  than  26° w h ic h  a r e  a s s o c i a t e d  w i t h  v e l o c i t y  d i s c o n t i n u i t i e s  
in  t h e  upper  m a n t l e  have been f e a t u r e s  o f  many t r a v e l  t im e  and s low ness  
s t u d i e s  (Archambeau et_ a j_ . , 1966; Johnson ,  1967; Green and H a l e s ,  1968; 
He lm berger  and W i g g i n s ,  1971;  Masse e t  a 1 . , 1 9 7 2 ;  W ig g in s  and H e lm b e rg e r ,  
1973; Simpson e t  a 1 . , 1 9 7 * 0  • In t h e  l i g h t  o f  t h e  i n f e r e n c e s  f r o m  th e s e  
s t u d i e s ,  t h e  d ec reas es  in s low ness  nea r  20° and 24°  can be a s s o c i a t e d  w i t h  
the *400 and 650 km d i s c o n t i n u i t i e s .  The shape o f  t h e s e  " d i s c o n t i n u i t i e s " ,  
however ,  i s  y e t  t o  be d e t e r m i n e d .  In p a r t i c u l a r  t h e  v a r i a t i o n  in t h e  s low ness  
o f  th e  f i r s t  a r r i v a l  near  20° appea rs  more complex than  t h a t  near  2*4°.
A l t h o u g h  many a u t h o r s  have r e p o r t e d  anomalous b e h a v io u r  o f  t h e  s lo w nesses  o f  
t he  f i r s t  a r r i v a l s  nea r  3 0 ° ,  35° and *42° (K a n a m o r i ,  1967; W r i g h t ,  1968; 
Archambeau e t  a 1 . , 1 9 6 9 ;  Johnson ,  1969; C h i n n e r y ,  1969; C o r b i s h l e y ,  1970; 
V i n n i c k  and N i k o l a y e v ,  1970; Husebye e t  a l . ,1971  ; W r i g h t  and C l e a r y ,  1972) ,  
second a r r i v a l  o b s e r v a t i o n s  w h ich  c ou ld  c l a r i f y  t h e  n a t u r e  o f  v e l o c i t y  
d i s t r i b u t i o n  r e s p o n s i b l e  f o r  th e  anomalous b e h a v io u r  o f  t h e  s low nesses  were 
n o t  a v a i l a b l e  t o  th e s e  a u t h o r s .  As m en t i oned  in  C hap te r  1, t h e  s c a t t e r  in 
t h e  t r a v e l  t im e s  and s low nesses  was i n t e r p r e t e d  in  te rm s  o f  h ig h  o r  low 
v e l o c i t y  g r a d i e n t s  a t  v a r i o u s  de p th s  in  t h e  m a n t l e .  The d e n s i t y  o f  
o b s e r v a t i o n s  in  d i f f e r e n t  d i s t a n c e  ranges has o f t e n  p lay ed  an i m p o r t a n t  r o l e  
in  i n f l u e n c i n g  t h e s e  i n t e r p r e t a t i o n s .  I f  t h e  jumps in  t h e  s low ness  o f  th e  
f i r s t  a r r i v a l  a t  d i s t a n c e s  beyond 26° a r e  r e a l l y  caused by h i g h  v e l o c i t y  
g r a d i e n t s  a t  d e p th s  be low 650 km, t h e y  a re  l i k e l y  t o  p roduce  t r i p l i c a t i o n s  
and th e  b ranches  o f  th e s e  t r i p l i c a t i o n s  may ex tend  back to  d i s t a n c e s  wh ich
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are  r e l e v a n t  t o  the  s t u d y  o f  th e  upper m a n t l e .  T h e r e f o r e ,  th e  r e g i o n  beyond 
26° i s  i n v e s t i g a t e d  f i r s t .
5.1 TRIPLICATION AT 2 9 . 5 ° .
The a n a l y s i s  o f  t he  f i r s t  a r r i v a l  s lo w ness  da ta  o f  F i g u r e  A.3 in 
C hap te r  A i n d i c a t e s  t he  p o s s i b i l i t y  o f  d i s c o n t i n u o u s  d e c re a s e s  in t h e  
s low nesses  o f  t he  f i r s t  a r r i v a l s  a t  29.5°, 39° and A3°. The d e c re a s e  in 
s low ness a t  29 -5 °  i n d i c a t e d  by t h i s  a n a l y s i s  i s  o f  t h e  o r d e r  o f  0 .3  s / d e g ,  
th e  o t h e r  two dec reases  be ing  s l i g h t l y  l a r g e r .  I t  i s  p o s s i b l e  t h a t  th e s e  
s lowness  v a r i a t i o n s  a r e  an a r t i f a c t  o f  th e  a v e r a g i n g  p ro c e s s  used in  t he  
a n a l y s i s ,  because t h e r e  a r e  n o t  many o b s e r v a t i o n s  in  each g r o u p .  There 
i s  a p o s s i b i l i t y  o f  d i f f e r e n t  source  r e g i o n s  e x h i b i t i n g  d i f f e r e n t  a z i m u t h a l  
b i a s  and p r o d u c i n g  a p p a r e n t  d ro p s  in  s low ness .  I t  i s  a l s o  p o s s i b l e  t h a t  the  
e s t i m a t e s  o f  t h e  s low ness  in  v a r i o u s  e p i c e n t r a l  d i s t a n c e  ranges  a re  s u b j e c t  
t o  v a r y i n g  amounts o f  n o i s e  c o n t a m i n a t i o n  because o f  t h e  a m p l i t u d e  b e h a v io u r  
o f  t h e  f i r s t  a r r i v a l  as a f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e  and t h e  consequen t  
v a r i a t i o n  i n  SNR. The da ta  o f  them se lves  t h e r e f o r e  do n o t  p r o v i d e  c l e a r  
e v i d e n c e  o f  m u l t i p l e  d i s c o n t i n u i t i e s .  I f  l a t e r  a r r i v a l s  caused by the  
t r i p l i c a t i o n s  c o u ld  be i d e n t i f i e d  they  would p r o v i d e  e v id e n c e  t h a t  t he  
d e c re a s e s  in the  s lowness  a re  due to  th e  shape o f  t he  v e l o c i t y  d i s t r i b u t i o n .  
Bas ing  t h e i r  c o n c l u s i o n s  on th e  measured s lownesses  and t h e  obse rved  a m p l i t u d e s  
o f  t h e  f i r s t  and l a t e r  a r r i v a l s ,  Ram D a t t  and M u i rhead  (1976) p o s t u l a t e d  a 
r a p i d  v e l o c i t y  i n c r e a s e  a t  a d e p th  near  770 km. T h i s  v e l o c i t y  i n c r e a s e  
p roduces  a l a t e r  a r r i v a l  b r a n c h ,  F, a t  d i s t a n c e s  l e s s  than 29.5° • Beyond 
29-5° the  F branch becomes a f i r s t  a r r i v a l  b ra n c h .
F i g u r e  5.1 shows a s t a c k  o f  l i n e a r  a r r a y  sums and TAPs f o r  an even t  
h a v in g  an ex te nded  e p i c e n t r a l  d i s t a n c e  o f  32 .A6 ° .  The l e f t  hand t o p  t r a c e  in  
t h i s  f i g u r e  i s  t he  t o t a l  a r r a y  sum o b t a i n e d  by p h a s in g  t h e  a r r a y  t o  a s low ness  
o f  8 s /d eg  u s in g  th e  a z im u th  e s t i m a t e d  by t he  I . S . C .  The c e n t r e  t o p  t r a c e  
i s  t he  t im e  averaged  p r o d u c t  (TAP) o b t a in e d  by m u l t i p l y i n g  t h e  two p a r t i a l
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sums and a v e r a g i n g  th e  p r o d u c t s  o v e r  h a l f  second i n t e r v a l s .  The r i g h t
1" h
hand t o p  t r a c e  i s  th e  TAP u s in g  the  IsT ' r o o t  p r o c e s s  f o r  N = 4.  As was
t  h
shown in  C h a p te r  2 ,  t h e  N r o o t  p rocess  a l l o w s  some phases t o  be i d e n t i f i e d  
more r e a d i l y .  Each t r a c e  in  t h i s  f i g u r e  has been n o r m a l i z e d  t o  th e  maximum 
a m p l i t u d e  o f  t h e  v a r i a b l e  t o  be p l o t t e d .  Each subsequen t  l i n e  o f  t r a c e s  
in t h i s  f i g u r e  i s  th e  same, excep t  t h a t  a t  each s t e p  t h e  phas ing  s low ness  
has been in c r e a s e d  by 0 .4  s / d e g .  I t  can be seen in  t h i s  f i g u r e  t h a t  near  a 
s lo w ness  o f  9 -2  s /d eg  th e  a r r a y  i s  s t e e r e d  b e t t e r  t o  t h e  f i r s t  a r r i v a l  than  
t o  t he  f o l l o w i n g  a r r i v a l .  The second phase,  w h ic h  has been marked as E, 
possesses  a l a r g e r  s lowness  than t h a t  o f  t h e  f i r s t  a r r i v a l ,  w h ic h  has been 
marked as F. The r e s u l t s  o f  measurement o f  s low ness  a lo n g  th e  t r a c e  a r e  
shown in  F i g u r e  5 - 2 .  The u n c o r r e c t e d  s lowness  o f  t h e s e  a r r i v a l s  a r e  
i l l u s t r a t e d  in  t h i s  f i g u r e  and a re  in  agreement  w i t h  t h o s e  i n d i c a t e d  by F i g u r e  
5 . 1 .  The a r r a y  beams o f  F i g u r e  5 - 1 ,  however ,  show t h a t  t h e  second a r r i v a l  is  
enhanced a l s o  when t h e  phas ing  s lowness i s  dec reased  be low  9 s / d e g .  T h i s  i s  
caused by a d e c re a s e  in  s lowness  once aga in  a f t e r  t h e  o n s e t  o f  t he  second 
a r r i v a l .  T h i s  d e c re a s e  i s  a s s o c i a t e d  w i t h  a n o t h e r  a r r i v a l  w h i c h ,  as we s h a l l  
see l a t e r ,  becomes a f i r s t  a r r i v a l  a t  a l a t e r  d i s t a n c e .  A t  s lownesses  l e s s  
t han  9 s / d e g ,  t h e s e  t r a c e s  a l s o  show a c o n s i d e r a b l e  amount o f  en e rg y  even 
a f t e r  t h e s e  a r r i v a l s .  T h i s  f e a t u r e  w i l l  be d i s c u s s e d  s h o r t l y .  F i g u r e  5-3 
shows an e v e n t  a t  an e p i c e n t r a l  d i s t a n c e  o f  2 8 . 1 8 ° .  T h i s  f i g u r e ,  w h ic h  is  
s i m i l a r  t o  F i g u r e  5 . 1 ,  shows t h a t  as the  s lowness  o f  phas ing  o f  t h e  a r r a y  is  
i n c r e a s e d  t o  9 s / d e g ,  t h e  second a r r i v a l  rema ins  c o m pa rab le  in a m p l i t u d e  
t o  th e  f i r s t  a r r i v a l .  Beyond 9 s /d e g  th e  f i r s t  a r r i v a l  i s  much b e t t e r  
phased compared to  t h e  second a r r i v a l  and i s  c o r r e s p o n d i n g l y  enhanced.  When 
t h e  a r r a y  i s  s t e e r e d  t o  h i g h e r  s lownesses  t h e  m i s t u n i n g  o f  t h e  a r r a y  f o r  th e  
second a r r i v a l  i s  much more p ronounced ,  so t h a t  i t s  a m p l i t u d e  i s  r e l a t i v e l y  
d i m i n i s h e d .  F i g u r e  5 -4  i l l u s t r a t e s  the  r e l a t i v e  s low nesses  o f  t h e s e  two 
a r r i v a l s .  The F ig u r e s  5-1 t h r o u g h  5.4  d e m o n s t r a te  t h a t  a t  d i s t a n c e s  nea r  28° 
t h e  f i r s t  a r r i v a l  has a l a r g e r  s lowness compared t o  t h e  second a r r i v a l ,
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whereas a t  d i s t a n c e s  near  32° t he  o r d e r  o f  t he  s low nesses  i s  r e v e r s e d .  
T h e r e f o r e ,  a t  a c e r t a i n  d i s t a n c e  between th e s e  two a p o i n t  s hou ld  e x i s t  
where t h e  phase w i t h  s m a l l e r  s lowness becomes th e  f i r s t  a r r i v a l .  T h i s  
p o i n t  i s  d e te r m in e d  by F ig u r e s  4 .3  and 4 . 4  and l i e s  c l o s e  t o  29 -5°
F i g u r e  5 -5  shows l i n e a r  sum and TAP t r a c e s  f o r  some e v e n ts  
between 28° and 35 ° .  These beams have been formed u s in g  t h e  J e f f r e y s -  
B u l l e n  e s t i m a t e s  o f  s low ness f o r  the  I . S . C .  l o c a t i o n s  o f  t h e s e  e v e n t s .  The 
a p p r o x i m a t e  a r r i v a l s  o f  phases and the  measured s low nesses  a r e  marked on 
each t r a c e .  On some o f  t h e  t r a c e s  the  o n s e t  o f  t h e  second a r r i v a l  is  
c l e a r e r  than  on o t h e r s .  The f i r s t  n i n e  t r a c e s  ( f r o m  th e  t o p )  o f  t h i s  
f i g u r e  a r e  f o r  e v e n t s  chosen in  t h i s  s t u d y .  The l a s t  t r a c e  c o r r e s p o n d s  t o  
an e v e n t  obse rved  by Simpson e t  a l . (1974) f r o m  t h e  Solomon I s l a n d s .  T h i s  
e v e n t  has been added t o  de m o n s t ra te  t h a t  t h e  obse rved  a r r i v a l s  a r e  no t  
l i m i t e d  t o  t h e  chosen d i r e c t i o n .
AMPLITUDE DATA
F i g u r e  5 . 6  shows some SNR-enhanced t r a c e s  o f  e v e n t s  a t  e p i c e n t r a l  
d i s t a n c e s  between 28° -  32° .  The t r a c e  a m p l i t u d e s  a r e  a g a i n  n o r m a l i z e d  
t o  t h e  l a r g e s t  peak in  each t r a c e .  I t  i s  a p p a r e n t  f r om  t h i s  f i g u r e  t h a t  t he  
a m p l i t u d e  o f  t h e  f i r s t  a r r i v a l  i s  c o n s i s t e n t l y  low up t o  2 9 . 3 3 ° .  Beyond t h i s  
d i s t a n c e ,  f o r  example a t  3 0 . 1 6 ° ,  t h e  f i r s t  a r r i v a l  i s  much b e t t e r  d e f i n e d  and 
has a l a r g e r  a m p l i t u d e  o u t  t o  3 1 . 4 9 ° .  The a m p l i t u d e  d a ta  may be i n t e r p r e t e d  
in  te rm s  o f  a r a p i d  o r  a d i s c o n t i n u o u s  v e l o c i t y  i n c r e a s e ,  so t h a t  s e i s m i c  
ra y s  f o r  e v e n t s  a t  d i s t a n c e s  s m a l l e r  than  2 9 . 5° b o t to m  in  a r e g i o n  o f  v e r y  
low v e l o c i t y  g r a d i e n t s ,  whereas th ose  a r r i v i n g  a t  d i s t a n c e s  beyond 29 *5 °  as 
f i r s t  a r r i v a l s  t r a v e r s e  e i t h e r  a v e l o c i t y  d i s c o n t i n u i t y  o r  a r e g i o n  o f  h igh  
v e l o c i t y  g r a d i e n t s .
A l t h o u g h  v a r i a t i o n s  in t h e  s lowness and t h e  l a t e r  a r r i v a l s  can ,  
t o  some e x t e n t ,  r e s u l t  f r o m  s t r u c t u r e s  under  t h e  s o u r c e  o r  t he  r e c e i v e r ,  i t  
i s  d i f f i c u l t  t o  p o s t u l a t e  s t r u c t u r e s  near  th e  a r r a y  w h ic h  w i l l  p roduce  bo th
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F i g u r e  5 -5  Summed t r a c e s  ( l e f t )  and t im e  ave raged  p r o d u c t s  ( r i g h t )
o f  some s e l e c t e d  e v e n t s  rec o rded  a t  WRA. On each t r a c e  on 
the  l e f t  hand s i d e  th e  s lowness  measured a t  t h e  t i m e  i n d i ­
ca ted  by t h e  a r r o w  is  marked in  seconds per  d e g r e e .  The 
number a t  the  l e f t  hand s i d e  o f  each t r a c e  i s  t he  e v e n t  
number (T a b le  A1) .
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F i g u r e  5 -6  Summed a r r a y  o u t p u t s  f o r  some e v e n t s  r e c o rd e d  a t  V/RA 
to  i l l u s t r a t e  th e  v a r i a t i o n  in t h e  a m p l i t u d e  o f  t h e  
f i r s t  a r r i v a l  a t  d i s t a n c e s  near 29 d e g r e e s .  Each 
t r a c e  has been n o r m a l i z e d  t o  the  maximum a m p l i t u d e .  
The number a t  the l e f t  hand s i d e  o f  each t r a c e  is  
the  ev e n t  number (Tab le  A1) .
112
f i r s t  and second a r r i v a l s  as have been observed  f o r  t h e s e  e v e n t s .  I t  i s  
v e r y  u n l i k e l y ,  though  no t  i m p o s s i b l e ,  t h a t  t he  second a r r i v a l s  a r e  caused 
by s t r u c t u r e s  near  t h e  s o u r c e ,  because o f  t he  r e q u i r e d  m agn i tude  o f  such 
s t r u c t u r e s .  For  exam p le ,  i f  t he  second a r r i v a l s  a r e  due t o  s t r u c t u r e s  in 
t h e  so u rc e  r e g i o n  then  rays  hav ing  d i f f e r e n t  s low nesses  can be p r o j e c t e d  
back  f r o m  the  r e c e i v e r  t o  t h e  sou rce  as i l l u s t r a t e d  in  F i g u r e  5 - 7 .  In such 
a case  a r a y  f r om  t h e  s ou rce  must t r a v e l  a t  l e a s t  a hundred k i l o m e t e r s  and 
th en  be be n t  s h a r p l y  by s t r u c t u r e s  a t  th e  s o u rc e  t o  reach  th e  r e c e i v e r .  A 
t i g h t  c o n s t r a i n t  on such a r r i v a l s  i s  t h a t  t h e  r a y  p a th s  have to  have t r a v e l  
t im e s  w h ic h  a re  c o n s i s t e n t  w i t h  t h o s e  observed  f o r  t h e s e  a r r i v a l s .
A p a r t  f r o m  s t r u c t u r e  under  t he  s ou rc e  and t h e  r e c e i v e r ,  a n o m a l i e s  
in  t h e  t r a v e l  t i m e s  o r  s lownesses  c o u ld  be produced in  t h e  r e g i o n s  where th e  
ra y s  b o t t o m .  As t h i s  r e g i o n  i s  benea th  t h e  t e c t o n i c a l l y  a c t i v e  Banda Sea 
r e g i o n  i t  i s  p o s s i b l e  t h a t  t h e  o b s e r v a t i o n s  a r e  caused by v e l o c i t y  g r a d i e n t s  
w i t h i n  t h i s  r e g i o n .  The l a s t  t r a c e  o f  F ig u r e  5 - 5 ,  t o g e t h e r  w i t h  many o t h e r  
s i m i l a r  e v e n t s  p rocessed  by King (Personal  c o m m u n ic a t i o n ,  197*0,  i n d i c a t e s ,  
how eve r ,  t h a t  t he  phenomenon i s  no t  l i m i t e d  t o  a z i m u t h s  o f  3*f0° . Simpson 
(1973) and Simpson £t^ a_l_. (197*0 have r e p o r t e d  a c o n s i s t e n t  second a r r i v a l  
a t  d i s t a n c e s  beyond 27° w h ic h  had a s lowness  s m a l l e r  than  t h e  f i r s t  a r r i v a l  
a t  t h e s e  d i s t a n c e s .  T h e i r  d a t a ,  however ,  do n o t  ex tend  beyond 3 0 ° ,  so th e y  
d i d  n o t  o b s e r v e  t h i s  l a t e r  phase as a f i r s t  a r r i v a l .  A c o l l e c t i o n  o f  NORSAR 
r e c o r d i n g s  o f  R uss ian  e x p l o s i o n s  (K ing  and C a l c a g n i l e ,  1976) a l s o  i n d i c a t e s  
t h e  o c c u r r e n c e  o f  a t r i p l i c a t i o n  in t h e  t r a v e l  t i m e  c u r v e  a t  abou t  30° .
Though th e s e  a u t h o r s  do n o t  men t ion  t h i s  f e a t u r e ,  t h e s e  NORSAR r e c o r d s  
s u p p o r t  t h e  u n i v e r s a l  n a t u r e  o f  t he  smal l  b u t  r e c o g n i z a b l e  d i s c o n t i n u i t y .  The 
d e c re a s e  in s lo w ness  o f  t h e  f i r s t  a r r i v a l  a t  2 9 -5 °  s u g g e s ts  t h a t  t h e  v e l o c i t y  
i n c r e a s e  i s  o f  t he  o r d e r  o f  2%. I n f e r e n c e s  w i t h  r e g a r d  t o  t he  s ha rpnes s  o f  
th e  v e l o c i t y  i n c r e a s e ,  however ,  depend on o b s e r v a t i o n s  o f  t h e  e x t e n s i o n s  
o f  th e  t r i p l i c a t i o n  branches  w h ich  w i l l  be d i s c u s s e d  l a t e r .
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5 .2  THE REGION BETWEEN 35° AND 46° .
The t e c h n i q u e  o f  f o r m in g  a r r a y  beams such as t h o s e  in  F i g u r e  5-1 
has p roved  u s e f u l  in a l l o w i n g  a r e l a t i v e  c om pa r i s on  o f  t h e  s lowness  o f  
d i f f e r e n t  phases in  a s e i s m i c  w a v e t r a i n .  A l t h o u g h  t h e  d i f f e r e n c e  in  
s low nesses  o f  th e  two a r r i v a l s  may not  be l a r g e  enough t o  produce  s i z e a b l e  
d i f f e r e n c e s  in t h e  TAPs when th e  a r r a y  i s  phased t o  t h e i r  r e s p e c t i v e  s l o w ­
n e s s e s ,  t h i s  d i f f e r e n c e  becomes more and more a p p a r e n t  as t he  m i s t u n i n g  o f  
t he  a r r a y  f o r  t h e s e  a r r i v a l s  i s  i n c r e a s e d .  T h i s  i s  because ,  in t h a t  case ,  
one phase becomes r e l a t i v e l y  more supp ressed .  The v a r i a t i o n  in  t h e  p a t t e r n  
o f  t h e  TAP a m p l i t u d e s  as a f u n c t i o n  o f  the p h a s in g  s low ness  a l s o  c o n t a i n s  
i n f o r m a t i o n  a b o u t  t h e i r  r e l a t i v e  s lownesses .  For  examp le ,  a phase w h ich  
d e c r e a s e s  in  a m p l i t u d e  f a s t e r  w i t h  i n c r e a s i n g  s low ness  possesses  a s m a l l e r  
s low ness  and v i c e  v e r s a .  Because the  t r a c e s  in t h e s e  f i g u r e s  a r e  n o r m a l i z e d  
to  t h e  maximum a m p l i t u d e s  a lo n g  each t r a c e ,  t h e  f i g u r e s  do no t  show where a 
phase re aches  i t s  maximum a m p l i t u d e .  In s p i t e  o f  t h i s  l i m i t a t i o n  a common 
n o r m a l i z a t i o n  f a c t o r  i s  n o t  used ,  because the  l a t e r  a r r i v a l s  a r e  o f t e n  much 
s m a l l e r  t han  t h e  f i r s t  a r r i v a l  and a re  l i k e l y  t o  be l o s t  in t h e  t r a c e s  i f  
t h e y  a r e  n o r m a l i z e d  on th e  b a s i s  o f  th e  phased f i r s t  a r r i v a l .  However ,  t h e  
s low nesses  o f  t h e  phases can a lways  be o b t a i n e d  by p l a c i n g  a window o v e r  t he  
a r r i v a l  under  i n v e s t i g a t i o n .
F i g u r e  5 . 8  shows some a r r a y  beams o f  an ev e n t  a t  an ex te nded  
e p i c e n t r a l  d i s t a n c e  o f  3 7 - 8 8 ° .  The a r r a y  sums c l e a r l y  show two d i s t i n c t  
a r r i v a l s  w i t h i n  a b o u t  two seconds o f  t he  s i g n a l  o n s e t .  These two a r r i v a l s  
p roduce  two peaks in  t h e  c o r r e s p o n d i n g  TAP o u t p u t s .  As the  s lowness  o f  
phas ing  t h e  a r r a y  is  i n c r e a s e d  f rom 8 s /deg  onwards th e  second phase is  
more and more s u p p r e s s e d ,  i n d i c a t i n g  t h a t  t h i s  phase a r r i v e s  a t  t h e  a r r a y  
w i t h  a s m a l l e r  s lo w ness  than t h a t  o f  the  f i r s t  phase.  F i g u r e  5 . 9  shows the  
r e s u l t s  o f  s low nes s  measurements on t h i s  e v e n t .  I t  shows a de c re a s e  in 
s lowness  a f t e r  t h e  o n s e t  t im e  o f  the second a r r i v a l ,  c o n f i r m i n g  t h a t  the  
s low ness  o f  the  second a r r i v a l  i s  less  than t h a t  o f  t h e  f i r s t  o n s e t .  These
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two a r r i v a l s ,  w h ic h  have been marked F and G in  F i g u r e  5-8, d i f f e r  in 
s low ness  by ab o u t  0.5 s / d e g ,  t h e  l a t e r  a r r i v a l  G be ing  f a s t e r .  The a r r i v a l  
G becomes a f i r s t  a r r i v a l  a t  a l a t e r  d i s t a n c e .  The phase F i s  th e  one wh ich  
becomes a f i r s t  a r r i v a l  a t  a d i s t a n c e  near  29-5°. T he re  i s  a l s o  an i n d i c a t i o n  
o f  an i n c r e a s e  in s lowness a f t e r  the  a r r i v a l  o f  G in  th e  t r a c e s  o f  t h e  even t  
o f  F i g u r e  5-9- T h i s  i n c r e a s e  in s lowness i s  b e l i e v e d  t o  be caused by an 
e x t e n s i o n  o f  t h e  E branch (650 km b ranch)  w h ic h  e x te n d s  t o  d i s t a n c e s  f a r  
beyond t h a t  o f  t h i s  e v e n t ,  as w i l l  be seen l a t e r .  F i g u r e s  5-8 and 5-9, 
t h e r e f o r e ,  show t h a t  a m u l t i p l i c i t y  in  t he  t r a v e l  t i m e  c u r v e  does e x i s t  to  
d i s t a n c e s  as f a r  as 38° and beyond.
To examine th e  n a t u r e  o f  the  a r r i v a l s  a t  t h e s e  d i s t a n c e s  a s e t  
o f  e v e n t s  as u n i f o r m  as p o s s i b l e  was s e l e c t e d  between 30° and 54°. Out t o  
a d i s t a n c e  o f  46° a l l  e v e n ts  a r e  w i t h i n  t h e  a z i m u t h  3^0° ± 5°. Beyond t h i s  
d i s t a n c e  t h e  c o n d i t i o n  o f  a n a r r o w  a z im u th  had t o  be r e l a x e d  to  o b t a i n  
s u f f i c i e n t  e v e n t s .  A r r a y  beams o f  th e s e  s e l e c t e d  e v e n t s  ( w i t h  a phas ing  
s low ness  o f  9 s / d e g )  a r e  p l o t t e d  in F ig u r e  5.10. In t h i s  f i g u r e  s t r a i g h t  
l i n e s  w i t h  s lo p e s  o f  3.2 s /deg  ( E - b r a n c h ) ,  8.9 s /d e g  ( F - b r a n c h ) , 8.5 s /deg  
(G -b ra n c h )  and 8 s /d e g  (H -b ranc h )  a re  drawn.  These l i n e s  a r e  made t o  c r o s s  
a t  d i s t a n c e s  w h ic h  c o r re s p o n d  to  t he  s lowness jumps in F i g u r e s  A.3 and 4.4 as 
th e y  a r e  summarized in T a b le  4.3. The i n i t i a l  s i g n a l  o n s e t s  a r e  then 
a d j u s t e d  t o  t h e s e  l i n e s  in  o r d e r  t o  examine the  l i n e - u p s  o f  t h e  l a t e r  phases.  
Such a d j u s t m e n t s  become n e c e s s a ry  because o f  t h e  i n a c c u r a c i e s  in  I . S . C .  
d e t e r m i n a t i o n s  o f  the  f o c a l  pa ram e te rs  and the  o r i g i n  t im e s  o f  t he  e v e n t s .
The supe r im pose d  l i n e s  th us  r e p r e s e n t  an a p p r o x i m a t e  t r a v e l  t im e  model 
in  t h i s  d i s t a n c e  range .  In t h i s  f i g u r e ,  in  w h ic h  most  o f  t h e  e v e n t s  used a r e  
deep enough t o  p r e c l u d e  any c o n t a m i n a t i o n  f r o m  pP, t h e r e  a r e  c l e a r  o n s e t s  
on some o f  t h e  b r a n c h e s .  For  exam ple,  t he  E -b ranc h  has o b s e r v a b l e  a r r i v a l s  
o u t  t o  45°. A l s o  o f  s i g n i f i c a n c e  is  t he  v a r i a t i o n  o f  c o m p l e x i t y  o f  t h e  
seismograms o f  t h e  e v e n ts  w i t h  d i s t a n c e .  A t  d i s t a n c e s  g r e a t e r  th an  a b o u t  40°, 
the  t r a c e s  become v e r y  s im p le  w i t h  w e l l  d e f i n e d  o n s e t s  o f  t h e  f i r s t  and l a t e r
A
(k
m
)
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EPICENTRAL DISTANCE (degrees)
F i g u r e  5 . 1 0  Summed t r a c e s  o f  V/RA r e c o r d i n g s  p l o t t e d  on a reduced t r a v e l  
t i me  p l o t  w i t h  t h e  proposed t r a v e l  t i m e  b r a n c h e s .  S i gn a l  
o n s e t s  have been a d j u s t e d  t o  t he  p o s t u l a t e d  f i r s t  a r r i v a l  
b r anches  in a l l  d i s t a n c e  r anges .
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a r r i v a l s .  Between 30° and 39° the  r e c o r d s  a r e  i n v a r i a b l y  comp lex  because o f  
t he  m u l t i p l i c i t y  o f  d i r e c t  a r r i v a l s  and r e f l e c t i o n  b ranches  a r r i v i n g  w i t h i n  
a s h o r t  t im e  o f  each o t h e r .  As the  d i s t a n c e  i n c r e a s e s  beyond 40° t h e  
s e p a r a t i o n  between v a r i o u s  branches i n c r e a s e s ,  r e s u l t i n g  in  s i m p l e r  s e i s ­
mograms .
To d e t e r m i n e  th e  v a l i d i t y  o f  t h i s  m ode l ,  seismograms o f  some ev e n ts
are  examined by c o r r e l a t i o n  te c h n iq u e s  f o r  th e  p resence  o f  t h e  phases
p r e d i c t e d  by t h e  mode l .  F ig u r e  5-11 shows a r r a y  beams o f  an e v e n t  a t  49°
f o r  a r r a y - p h a s i n g  s lownesses  between 8 and 10.4 s / d e g .  A t  a p h a s in g  s lowness
o f  8 s /d e g  t h e  l a t e r  a r r i v a l s  a r e  h a r d l y  seen ,  whereas the  f i r s t  a r r i v a l  i s
v e r y  much enhanced.  As th e  phas ing s low ness  i s  in c re a s e d  t h e r e  i s  a g radua l
i n c r e a s e  in  t h e  a m p l i t u d e  o f  t h e  l a t e r  a r r i v a l s .  A t  ab o u t  10 s /deg  t h e
t  h
l a t e r  a r r i v a l s  a re  enhanced.  They a r e  f u r t h e r  enhanced in  t he  N r o o t  TAP. 
T h i s  i s  because ,  as p o i n t e d  o u t  e a r l i e r ,  t he  f i r s t  a r r i v a l  becomes i n c o h e r e n t  
and i s  t h e r e f o r e  s u p p re s s e d ,  w h i l e  th e  l a t e r  a r r i v a l s  a r e  added in phase and 
thus  enhanced.  I t  c o u ld  be suggested t h a t  t h i s  r e s u l t s  f r o m  th e  i n c o h e re n c e  
i n t r o d u c e d  by add ing  th e  s ig n a l  so much o u t  o f  phase t h a t  t he  n o i s e  shows up 
in  t h e  a r r a y  beams. Tha t  t h i s  i s  not  t he  case i s  seen by f o r m i n g  beams w i t h  
s lownesses  s m a l l e r  th a n  8 s / d e g .  No s i m i l a r  peaks were observed  in  t h e s e  
beams when t h e  s i g n a l  became in c o h e r e n t .  In t h i s  f i g u r e ,  phases t h a t  can 
p r o b a b l y  be a s s o c i a t e d  w i t h  t h e  t r a v e l  t im e  b ranches  o f  F i g u r e  5 .1 0  a r e  marked 
on one o f  t h e  t r a c e s .  The v e r t i c a l  l i n e s  in t h e s e  t r a c e s  show th e  t im e s  as 
t h e y  a re  p r e d i c t e d  by F i g u r e  5 .1 0 .  Peaking o f  t h e s e  l a t e r  a r r i v a l s  in  th e  
TAP a t  s low nesses  w h ic h  a r e  h ig h e r  than  t h o s e  ex p e c te d  f r o m  the model r e s u l t  
f r o m  t h e  w ide  a r r a y  res pons e .  The l a t e r  a r r i v a l s  become p r o m in e n t  o n l y  when, 
as men t ioned  e a r l i e r ,  t h e  a r r a y  has been m is tu n e d  enough t o  s upp res s  the 
s t r o n g  f i r s t  a r r i v a l  ( c f .  F ig u r e  5 - 1 2 ) .  F i g u r e  5-11 shows t h a t  t h e r e  i s  a 
m u l t i p l i c i t y  in t h e  t r a v e l  t im e  c u r v e  a t  t h i s  d i s t a n c e .  T imes o f  s e p a r a t i o n  
between H, G, F and E b ranches  agree w i t h  t he  model r e a s o n a b l y  w e l l  and s u p p o r t  
i t s  v a l i d i t y .  F i g u r e  5 .1 3  shows a r r a y  beams o f  f o u r  e v e n t s  a t  d i s t a n c e s  beyond
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A B C
SLOW NESS
F i g u r e  5*12 A r r a y  response  p a t t e r n s  f o r  two o v e r l a p p i n g  a r r i v a l s  
( l )  and ( 2 ) ,  d i s p l a c e d  w i t h  r e s p e c t  t o  each o t h e r  
because o f  t h e  d i f f e r e n c e s  in t h e i r  s lo w n e s s e s ,  t o  show 
t h a t  a r r i v a l  (2) w i l l  become do m in a n t  o n l y  when t h e  
a r r a y - p h a s i n g  s lowness  i s  in c re a s e d  beyond p o i n t  C, no t  
a t  p o i n t  B.
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array  SUM
TAP C N - n  TAP C N = 4 )  SL° ^ „ SS
EVENT NO 234 Ac =47.61° DEPTH = 114 km
EVENT NO. 171 A c = 46.73° DEPTH = 104 km
8-0
9.6
10-4
8.0
9.6 
10A
EVENT NO 245 A c = 46.17° DEPTH = 192 km
EVENT NO 216 A c = 46-62° DEPTH =124 km
20 seconds
F i g u r e  5-13  A r r a y  beams o f  ev e n ts  between 46 .6 2  and 47-61 to  
d e m o n s t r a t e  l a t e r  a r r i v a l s  in  t h i s  d i s t a n c e  ran g e .
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46° f o r  s e l e c t e d  a r r a y - p h a s i n g  s lownesses .  At t h e s e  d i s t a n c e s  t h e r e  is  
s u f f i c i e n t  s e p a r a t i o n  between va r i ous  phase a r r i v a l s  to  a l l ow the i d e n t i f i ­
c a t i o n  of  phases .  For each event  in Figure  5-13 t h e r e  a r e  i n d i c a t i o n s  t h a t  
a l l  p r e d i c t e d  phases  a r e  p r e s en t  and a r r i v e  a t ,  or very near  t o ,  the t imes  
shown in Figure 5-10.  Many event s  in t h i s  f i g u r e  a l s o  i n d i c a t e  ano t he r  
phase a t  about  2 seconds l a t e r  a f t e r  F. An e x p l a n a t i o n  of  the  phase was 
a t t emp t ed  e a r l i e r  (Ram Dat t  and Muirhead,  1977) in t erms of  u n de r s i de  
r e f l e c t i o n s .  A more d e t a i l e d  examinat ion of  u n de r s i de  r e f l e c t i o n s  wi l l  be 
g iven  in a l a t e r  c h a p t e r ,  a f t e r  the  d i s c o n t i n u i t i e s  r e s p o n s i b l e  fo r  und e r s i d e  
r e f l e c t i o n s  have been model led.
Near the c r o s s - o v e r  po i n t s  of  t he  F, G and H b ranches ,  t he  
a r r i v a l  t imes  of  the v a r i o us  phases  a r e  so c l o s e  t o g e t h e r  t h a t  they i n t e r f e r e  
wi th  each o t h e r  and a r e  thus  d i f f i c u l t  to  s e p a r a t e .  in Figure  5-1 an event  
on t he  o t h e r  s i d e  of  t h e s e  c r o s s - o v e r  p o i n t s  was no ted .  Near t h i s  d i s t a n c e  
most  of  the  branches  a r e  aga in  s e p a r a t ed .  Figure 5.1 shows t h a t  wi th  a 
phas ing s lowness  of  8 s /deg  the  a r r ay  is s t e e r ed  in t h e  d i r e c t i o n  of  t he  l a t e r  
a r r i v a l s  r a t h e r  than the  f i r s t  o n se t ,  as is  appa r e n t  by the  pronounced peaks 
in t h e  TAP t r a c e  co r r espond i ng  to  t hese  a r r i v a l s .  As the  phas ing s lowness  is 
i nc r e a sed  beyond 8 s / d e g ,  the  f i r s t  onse t  which c o n t a i n s  the  E and F branches  
is  emphasized whi le  the  l a t e r  a r r i v a l s  a r e  s uppr e s se d .  The reason f o r  the  E 
a r r i v a l  showing a peak l a r g e r  than t h a t  o f  the  F a r r i v a l  a t  s lownesses  smal l e r  
than 9 s /deg i s  t h a t  t he  l a t e r  p a r t  o f  t h i s  phase i nc ludes  the  a r r i v a l  which 
l i e s  on the  G branch.  The second peak in t h i s  f i g u r e  g e t s  enhanced a t  
s ma l l e r  s lownesses  because o f  t h e  G a r r i v a l ,  which p os se s se s  a sma l l e r  
s lowness  than both E and F. The t imes of  the l a t e r  a r r i v a l s  in t h i s  f i g u r e  
ag r e e  wi th  those  o f  the  G and H branches .  Figure 5*14 shows a r r a y  beams f o r  
some more e ve n t s  in the d i s t a n c e  range 31° “ 34°,  t o  i l l u s t r a t e  t he  l a t e r  
a r r i v a l s ,  Except  f o r  t he  H branch,  whose a r r i v a l s  a r e  c o n s i s t e n t l y  e a r l y  
by one t o  two seconds ,  the  a r r i v a l  t imes aga in  ag r ee  wi th  t hos e  of  Figure 
5-10.  The d i f f e r e n c e s  between t h e  l i ne  and the  a r r i v a l s  for  the  H branch
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ARRAY SUM TAP ( N = 1) TAP ( N = 4 )  SLOWNESS' '  sec/deg
A - a -— ' W ---------- 8.0
9.2
EVENT NO 172 A c = 31-49° DEPTH = 55 km
- --- ' ^ M a M a A A A /V  ---------
EVENT NO 134 A t = 31.80° DEPTH = 51 km
o
EVENT NO 190 A c = 33.65
A /'W V v Y \/'/\/W v 'v
DEPTH= 17 km
EVENT NO 160 A c = 33.79° DEPTH = 35 km
I*------------------------------— -------------------------------h
20 seconds
F i g u r e  5-14 A r r a y  beams o f  s e le c t e d  e v e n ts  between 3 1 . ^ 9 °  and 3 3 .7 9 °  
t o  show l a t e r  a r r i v a l s  in t h i s  d i s t a n c e  ran g e .  The 
v e r t i c a l  l i n e s  under  t he  marked phases show t h e  expec ted  
a r r i v a l  t im e s  o f  t he  phases.
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c o u ld  be e l i m i n a t e d  by t h e  i n t r o d u c t i o n  o f  a c u r v a t u r e  ( d 2T / d A 2 ) o f  ab o u t  
0 .02  s /d e g  per  degree  in  t h e  l i n e .  Because o f  t h e  m u l t i p l i c i t y  o f  t h e  
c l o s e l y  spaced a r r i v a l s  i t  i s  more d i f f i c u l t  t o  i s o l a t e  phases a t  d i s t a n c e s  
s m a l1 e r  th a n  * 46°.
MORE EVIDENCE FOR THE G BRANCH.
In e a r l i e r  f i g u r e s  t h e  e v id e n c e  p re s e n te d  s u p p o r te d  t h e  e x i s t e n c e  
o f  t h e  G b ranch  l e s s  s t r o n g l y  than  t h a t  o f  th e  E and F b ra n c h e s .  A l s o  i t  
became a p p a r e n t  t h a t  th e  F branch does n o t  rema in  t h e  f i r s t  a r r i v a l  branch  a t  
d i s t a n c e s  o u t  t o  5 0 ° ,  bu t  t h a t  a f i r s t  a r r i v i n g  G b r a n c h ,  i f  p r e s e n t ,  was 
succeeded by a f i r s t  a r r i v i n g  H b ra n c h .  The e x i s t e n c e  o f  t he  G branch  i s  
i n d i c a t e d  in F i g u r e  *4.3 by a de c re a s e  in t h e  s lowness  o f  t he  f i r s t  a r r i v a l  
a t  abou t  39° • Un less the  e v id e n c e  g i v e n  in terms o f  t he  s lowness  o f  t he  
f i r s t  and l a t e r  a r r i v a l s  becomes s u f f i c i e n t l y  s t r o n g ,  i t  can be suspec ted  
t h a t  t h e  d e c re a s e  in s lowness  a t  39° c o u ld  r e s u l t  f r o m  th e  i n t e r f e r i n g  F and 
H b ranches  between 39° and *4 2 °,  so t h a t  a f i c t i t i o u s  b ranch  i s  i n d i c a t e d  a t  
i n t e r m e d i a t e  d i s t a n c e s .  Not many e v e n ts  a l l o w  an unambiguous i d e n t i f i c a t i o n  
o f  the  G b r a n c h .  I t  a p p a r e n t l y  does no t  ex te nd  t o  d i s t a n c e s  beyond abou t
*49° and a t  l e s s e r  d i s t a n c e s  i t  i s  c o n ta m in a te d  by t h e  p resence  o f  o t h e r  
a r r i v a l s  w h ic h  make i t  d i f f i c u l t  t o  measure i t s  s low ness  a c c u r a t e l y .  I t  has,  
however ,  been p o s s i b l e  t o  f i n d  some e v e n ts  wh ich  show t h a t  t he  G and H branches 
e x i s t  s e p a r a t e l y ,  so t h a t  t he  de c re a s e  in  s low ness  a t  39° i s  r e a l  and c anno t  
be a t t r i b u t e d  t o  i n a c c u r a c y  in  t he  measurements.  F i g u r e  5*15 shows a r r a y  
beams f o r  an e v e n t  a t  *4 0 °.  At a phas ing  s low ness  o f  7 . 6  s /d eg  th e  TAP t r a c e  
shows two d i s t i n c t  peaks w h ic h  a r e  marked G and H i n  t h e  r i g h t - h a n d  t o p  t r a c e .  
As th e  pha s in g  s lowness  i s  in c re a s e d  t o  10 s /deg  i t  becomes a p p a r e n t  t h a t  t he  
G and H b ranches  e x h i b i t  d i f f e r e n t  s lo w nesses .  A l s o  t h e  s low ness  o f  G is  
g r e a t e r  th a n  t h a t  o f  H, as can be seen by a c o m p a r a t i v e  r e d u c t i o n  in  t h e  
a m p l i t u d e  o f  H. A g a i n ,  as t h e  phas ing  s lowness  i s  i n c r e a s e d  f r o m  7 - 6  s /deg  
upwards a n o t h e r  phase w h ic h  has been marked F becomes i n c r e a s i n g l y  p r o m i n e n t .
126
ep
ic
en
tr
al
 
di
st
an
ce
 
ne
ar
 
kO
°
127
The s low nes s  o f  t h i s  i n t e r m e d i a t e  phase a g rees  w i t h  t h a t  o f  t h e  F b r a n c h ,  
w h i c h  becomes the  f i r s t  a r r i v a l  a t  2 9 - 5 ° .  Thus t h i s  f i g u r e  i s  in  agreemen t  
w i t h  t h e  p o s t u l a t e d  t r i p l i c a t i o n s  o f  F i g u r e  5 - 1 0 .  F i g u r e  5 .1 6  shows a r r a y  
beams o f  an e v e n t  a t  4 4 ° .  T h i s  d i s t a n c e  f a l l s  on t h e  f a r t h e r  s i d e  o f  the  
c r o s s - o v e r  p o i n t  o f  t h e  G and t h e  H b r a n c h e s .  The f i r s t  a r r i v a l  in  t h i s  
f i g u r e  c o n t a i n s  bo th  t h e  G and th e  H b r a n c h e s ,  as t h e y  a r r i v e  in c l o s e  
s u c c e s s i o n .  T h i s  i s  i n f e r r e d  f r o m  a co m p a r i s o n  between t h i s  and t h e  e a r l i e r  
f i g u r e .  The l a t e r  a r r i v a l  H in  F i g u r e  5 -15  c a n n o t  be seen in  F i g u r e  5 - 1 6 ,  
a l t h o u g h  th e  a r r i v a l  F can be seen as c l e a r l y  as in t he  e a r l i e r  f i g u r e .  As 
t h e  ph a s in g  s lo w ness  i s  i n c r e a s e d ,  bo th  t h e  G and H phases g e t  supp ressed  and 
t h e  a r r a y  i s  s t e e r e d  to w a rd s  th e  phase F. The p resence  o f  two d i s t i n c t  
phas es ,  one a r r i v i n g  e a r l i e r  than  F and t h e  o t h e r  a r r i v i n g  a f t e r  F in  F i g u r e  
5 .1 5  and th e  absence o f  th e  l a t e r ,  b u t  f a s t e r  phase a t  a l a t e r  d i s t a n c e  in  
F i g u r e  5 . 1 6 ,  s t r o n g l y  s u p p o r t  t he  f a c t  t h a t  t h e r e  a r e  two d i s t i n c t l y  
d i f f e r e n t  b r a n c h e s ,  G and H, in t h i s  d i s t a n c e  r a n g e .
The e v id e n c e  p r e s e n t e d  in  t h i s  c h a p t e r  t h e r e f o r e  p r o v i d e s  adequ a te  
s u p p o r t  f o r  t h e  o c c u r r e n c e  o f  t r i p l i c a t i o n s  a t  d i s t a n c e s  near  2 9 - 5 ° ,  39° 
and 4 3 ° .  The l a t e r  a r r i v a l  b ranches  in t h e s e  t r i p l i c a t i o n s  have been i d e n t i ­
f i e d  in  t h e  d i s t a n c e  range 30° -  5 0 ° .  These d a t a  su g g e s t  t h a t  t he  E (650 km) 
and F (770 km) b ranches  ex te nd  t o  e p i c e n t r a l  d i s t a n c e s  as f a r  as 5 0 ° ,  though  
w i t h  v e r y  sm al l  a m p l i t u d e s .  T he re  i s  o n l y  l i m i t e d  s u p p o r t  f o r  t h e  t e r m i n a t i o n  
o f  t h e s e  b ranches  a t  d i s t a n c e s  beyond,  o r  n e a r ,  5 0 ° .  T h i s  i s  because i t  has 
n o t  been p o s s i b l e  t o  l o c a t e  t he  cusps o f  t h e s e  b ranc hes  u s in g  t h e  a v a i l a b l e  
d a t a .  However ,  many e v e n t s  beyond 50° (some o f  them in  F i g u r e  5 - 1 0 )  show t h a t  
t h e s e  b ranches  do n o t  ex tend  f a r  beyond t h i s  d i s t a n c e .  The G b ranch  appea rs  
t o  be more l i k e l y  t o  end nea r  4 9 ° .  T he re  i s  however  no i n d i c a t i o n  t h a t  t h e r e  
a r e  any l a r g e  a m p l i t u d e s  on th e  G b ranch  in t h i s  r e g i o n  i f  i t  ends h e r e .  I t  
i s  p o s s i b l e  t h a t  t h e  phase may a g a in  become o b s e r v a b l e  a t  l a r g e r  d i s t a n c e s .  A 
d e t a i l e d  e x a m i n a t i o n  o f  t he  da ta  a t  g r e a t e r  d i s t a n c e s  i s  r e q u i r e d  t o  d e t e r m i n e
th e  e x a c t  s i t u a t i o n .
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These t h r e e  t r i p l i c a t i o n s  were a t t r i b u t e d  t o  h ig h  v e l o c i t y  
g r a d i e n t s  a t  d e p th s  nea r  770, 900 and 1050 km (Ram D a t t  and M u i rh e a d ,  1976, 
77). A f t e r  t h e  d a t a  in  th e  d i s t a n c e  range 1A° -  29-5° were examined and 
th e  d i s c o n t i n u i t i e s  m o d e l l e d ,  t h e i r  d e p th s  were p la c e d  near  750,  92 0  and 
1065 km (C hap te r  7). The e x i s t e n c e  and n a t u r e  o f  t h e s e  t r i p l i c a t i o n s  
and ,  in  p a r t i c u l a r ,  t h e  o b s e r v a t i o n s  o f  t h e  E and F b ranches  t o  such l a r g e  
d i s t a n c e s  w i l l  g r e a t l y  i n f l u e n c e  i n f e r e n c e s  w i t h  re g a r d  t o  t he  v e l o c i t y  
s t r u c t u r e  in t h e  upper  m a n t l e  and th e  t r a n s i t i o n  zone .  These f e a t u r e s  
o f  t he  o b s e r v a t i o n s  w i l l  be d i s c u s s e d  in l a t e r  c h a p t e r s  a f t e r  e v e n t s  a t  
d i s t a n c e s  l e s s  than 29° have been examined in  t he  l i g h t  o f  t h e s e  o b s e r v a t i o n s .
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CHAPTER 6
STRUCTURE ABOVE 700 KM
In C hap te r  5 t r i p l i c a t i o n s  were i d e n t i f i e d  in  the  P - t r a v e l  t im e  
c u r v e  a t  d i s t a n c e s  near  2 9 - 5 ° ,  38° and 4 3 ° .  The e v id e n c e  p r e s e n te d  t h e r e  
showed th e  e x i s t e n c e  o f  a r r i v a l s  whose t im e s  ag ree  w i t h  t h o s e  o f  t h e  b a c k ­
ward e x t e n s i o n s  o f  t h e  G and H branches  t o  d i s t a n c e s  as f a r  back as 3 0 ° .  The 
F b r a n c h ,  w h ic h  becomes a f i r s t  a r r i v a l  a t  2 9 . 5° ,  e x te n d s  back t o  d i s t a n c e s  
w h ic h  a r e  n o r m a l l y  o f  s i g n i f i c a n c e  in  s t u d y i n g  t h a t  p a r t  o f  th e  t r a v e l  t im e  
c u r v e  w h ic h  i s  r e l e v a n t  t o  th e  v e l o c i t y  s t r u c t u r e  in  th e  uppe r  m a n t l e .  In 
t h i s  c h a p t e r ,  t he  da ta  a t  d i s t a n c e s  le s s  than 29 - 5 ° a r e  exam ined .
The measured s lownesses  o f  t he  f i r s t  a r r i v a l s  f o r  e v e n ts  in  t he  
d i s t a n c e  range 15° ~ 3 0 ° ,  a f t e r  th ey  have been dec reased  by 5% to  c o r r e c t  
a p p r o x i m a t e l y  f o r  l o c a l  s t r u c t u r e ,  a r e  p l o t t e d  in  F i g u r e  6 . 1 .  T h i s  f i g u r e  . 
shows t h a t  th e  d i s t a n c e  range 15° -  30° can be d i v i d e d  i n t o  t h r e e  m a jo r  
segments such t h a t  th e  v a r i a t i o n  in  s lowness  in  each segment i s  much s m a l l e r  
than  t h a t  among the  segments ( c f .  S e c t i o n  4 . 3 ,  C hap te r  4 ) .  The s lowness  o f  
the  f i r s t  a r r i v a l  d ec reases  r a p i d l y  a t  e p i c e n t r a l  d i s t a n c e s  near  20° and 2 4 ° ,  
s u g g e s t i n g  t h a t  new phases become f i r s t  a r r i v a l s  a t  th e s e  d i s t a n c e s .  These 
new phases ,  i f  t h e y  e x i s t ,  have been r e f r a c t e d  i n t o  r e g i o n s  o f  h i g h  v e l o c i t y  
g r a d i e n t  in th e  m a n t l e .  The a p p r o x im a te  s low nesses  o f  t h e  f i r s t  a r r i v a l s  
in  t h e s e  segments a r e  g i v e n  in T a b le  4 . 3 -  As p o i n t e d  o u t  in  C hap te r  4 ,  t he  
s lowness  da ta  nea r  20° i n d i c a t e  t h a t  the d ec reas e  in  s lowness  may o c c u r  in 
two s t e p s .  The s lowness  may d rop  f rom 11.8 s /d e g  t o  11.2 s /d eg  a t  ab o u t  19-5°  
and th en  t o  abou t  10.35 s /d eg  near  2 0 . 5 ° .  E x a m in a t i o n  o f  t h e  t r a v e l  t im e  
d a ta  in  t h i s  r e g i o n  ( F i g u r e  4 . 1 ,  Chap te r  4) r e v e a l s  t h a t  f o r  e v e n ts  a t  
e p i c e n t r a l  d i s t a n c e s  l e s s  than  2 0 .5 °  the  f i r s t  a r r i v a l s  a re  4 - 5  seconds 
e a r l y  compared t o  t h e  J -  B t im e s .  The s c a t t e r  in  t he  t r a v e l  t im e s  i s  a l s o  
l a r g e  f o r  d i s t a n c e s  s m a l l e r  than 2 0 . 5 ° .  Beyond t h i s  d i s t a n c e  th e  d e v i a t i o n
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o f  the  WRA t r a v e l  t im es  f rom  th ose  o f  t he  J -  B model i s  r educ ed ,  so t h a t  
th e  WRA t im e s  a r e  o n l y  1 -  2 seconds e a r l i e r  than  t h e  J -  B t i m e s .  For 
e v e n ts  in  t h i s  d i s t a n c e  ran g e ,  the  a m p l i t u d e  o f  the  f i r s t  a r r i v a l  d ec reases  
as d i s t a n c e  i n c r e a s e s  t o  abou t  17°.  Beyond 17° t h e  f i r s t  a r r i v a l  becomes 
v e r y  sm a l l  and i s  o n l y  seen on some e v e n t s .  T h i s  b e h a v i o u r  o f  t h e  a m p l i t u d e s  
and t r a v e l  t im e s  o f  the  f i r s t  a r r i v a l s  s ugges ts  t he  p resence  o f  a l o w - v e l o c i t y  
zone ( L V Z ) . T h i s  can be seen in  F ig u r e  6 .2  where one channe l  o f  WRA r e c o r d i n g s  
o f  e v e n ts  in  t h e  d i s t a n c e  range -  20° a re  p l o t t e d  as a f u n c t i o n  o f  t h e  
e p i c e n t r a l  d i s t a n c e .  A l l  s i g n a l  o n s e ts  a re  a d j u s t e d  t o  l i e  on th e  B b r a n c h ,  
w h ic h  i s  a f i r s t  a r r i v a l ,  a t  l e a s t  in t he  e a r l i e r  p a r t ,  in  t h i s  d i s t a n c e  
range .  A l l  e v e n t s  e x c e p t  Event No. 6 show the  d e c re a s e  in t h e  a m p l i t u d e  
o f  the  f i r s t  a r r i v a l  w i t h  i n c r e a s i n g  d i s t a n c e .  I t  i s  p o s s i b l e  t h a t  th e  f i r s t  
a r r i v a l  i n  Even t  No. 6 i s  t oo  weak to  be seen,  so t h a t  a l a t e r  a r r i v a l  has 
been p lac ed  on the  B b ra n c h .  The measured s lowness  o f  t h i s  a r r i v a l  i s  12.8 
s /deg  ( a g a i n s t  t he  ave rage  v a lu e  12 . b s / d e g ) .  Low a m p l i t u d e s  o f  the  f i r s t  
a r r i v a l  in  a g i v e n  d i s t a n c e  range may a l s o  o c c u r  because o f  o t h e r  r e a s o n s .
For e x am p le ,  t h e y  can be due t o  a T -  A c u r v e  f o r  w h i c h  d2T / d A 2 in  t h a t  
d i s t a n c e  range is  v e r y  s m a l l ,  i . e .  the  s i t u a t i o n  where t h e  c o n d i t i o n  o f  an 
LVZ w h ich  p ro d u c e s  a shadow zone i s  a l m o s t ,  bu t  n o t  q u i t e ,  p r e s e n t .  A l t e r ­
n a t i v e l y ,  t h e  a r r i v a l s  m ig h t  have t r a v e r s e d  r e g i o n s  where t h e  a n e l a s t i c  
a t t e n u a t i o n  o f  t h e  s i g n a l s  i s  h i g h .  However ,  bo th  o f  t h e s e  a l t e r n a t i v e s  
a re  a s s o c i a t e d  w i t h  an anomalous b e h a v io u r  o f  t h e  e l a s t i c  modu l i  in t h a t  
r e g i o n  and one wou ld  e x p e c t  a t  l e a s t  an approach  t o  an LVZ in bo th  cases .
A l o w - v e l o c i t y  zone and a r e g io n  o f  h ig h  v e l o c i t y  g r a d i e n t  may 
bo th  p roduce  t r i p l i c a t i o n s  in  t h e  t r a v e l  t im e  c u r v e .  However ,  th e s e  t r i p l i ­
c a t i o n s  a r e  somewhat d i f f e r e n t  in  fo rm ,  t he  p rob lem  be ing  t o  d e l i n e a t e  them 
w i t h  s u f f i c i e n t  a c c u r a c y .  LVZs a r e  more d i f f i c u l t  t o  dea l  w i t h  because o f  
t h e  f a c t  t h a t  no ra y s  o r i g i n a t i n g  in r e g i o n s  above t h e  LVZ bo t tom  in t h e  LVZ, 
so t h a t  t he  e v id e n c e  i s  u s u a l l y  based on the  absence o f  d a ta  in a p a r t i c u l a r  
d i s t a n c e  ran g e .  I f  s ou rc es  a r e  lo c a t e d  in th e  LVZ and th e  v e l o c i t y  g r a d i e n t
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a f t e r  th e  v e l o c i t y  de c re a s e  i s  a g a in  normal  ( i . e .  d v / d r  < v / r )  i n f o r m a t i o n  
abou t  t he  v e l o c i t y  s t r u c t u r e  in t h e  LVZ can be d e r i v e d .  In t h e  p r e s e n t  
c i r c u m s t a n c e s  i t  i s  n o t  p o s s i b l e  t o  l o c a t e  shadow zones w i t h  any p r e c i s i o n  
(o r  even t o  e s t a b l i s h  w i t h  c e r t a i n t y  t h a t  th e y  e x i s t )  because o f  th e  
e x t e n s i o n s  o f  v a r i o u s  t r i p l i c a t i o n  branches produced by h ig h  v e l o c i t y  
g r a d i e n t s  above and be low th e  LVZ i n t o  t he  r e g i o n  o f  t he  sugges te d  shadow 
zone .  L a t e r  a r r i v a l s  w h ich  have been obse rved  on WRA r e c o r d i n g s  o f  e v e n ts  
in  t he  d i s t a n c e  range 15° -  3 0 ° ,  can be i n t e r p r e t e d  (on th e  b a s i s  o f  th e  
e v id e n c e  g i v e n  by t h e  a m p l i t u d e  dec rease  in t h e  f i r s t  a r r i v a l s )  in  te rm s  o f  
an LVZ w h ic h  beg ins  a t  a de p th  near  210 km and i s  t e r m i n a t e d  by a sha rp  
v e l o c i t y  i n c r e a s e  a t  a d e p th  near  330 km. In t h e  f o l l o w i n g  pages o f  t h i s  
c h a p t e r ,  WRA o b s e r v a t i o n s  w h ich  s u p p o r t  th e  e x i s t e n c e  o f  r e g i o n s  o f  h ig h  
v e l o c i t y  g r a d i e n t  in  uppe r  m a n t le  a t  dep th s  be low th e  suspec ted  LVZ a r e  
p r e s e n t e d .  These da ta  a l s o  s u p p o r t  the  e x i s t e n c e  o f  two b ranches  in th e  
t r a v e l  t im e  c u r v e  w h ic h  can be i d e n t i f i e d  as t h e  d i r e c t  and r e t r o g r a d e  
b ranches  produced by the  LVZ.
6.1 OBSERVATIONAL DATA.
F i g u r e  6 . 3  shows phased a r r a y  sums ( w i t h  t h e  a r r a y  phased t o  a 
s lowness  o f  11 s /d e g )  f o r  e v e n t s  a t  d i f f e r e n t  d i s t a n c e s ,  on a reduced t r a v e l  
t im e  p l o t .  These e v e n t s ,  w h ich  have been s e l e c t e d  t o  c ove r  t h e  d i s t a n c e  
range 15° ~ 35° as u n i f o r m l y  as p o s s i b l e ,  have been chosen t o  i n c l u d e  deep -  
f o c u s  e v e n ts  t o  a v o id  c o n t a m i n a t i o n  o f  t h e  l a t e r  a r r i v a l s  f r om  pP ( c f .
S e c t i o n  3 - 4 ,  C hap te r  3 ) .  Each t r a c e  in th e  f i g u r e  has been n o r m a l i z e d  t o  th e  
maximum a m p l i t u d e  a lo n g  th e  t r a c e .  The i n i t i a l  o h s e t s  have been a d j u s t e d  
t o  f a l l  on t h e  t r a v e l  t im e  c u r v e  o b t a in e d  f r om  WRA f i r s t  a r r i v a l  da ta  
( S e c t i o n  4 . 1 ,  C h a p te r  4 ) .  Because o f  u n c e r t a i n t i e s  in th e  I . S . C .  e s t i m a t e s  
o f  t h e  f o c a l  pa ra m e te rs  and the  o r i g i n  t im e s  o f  t h e  e v e n ts  and th e  a p p r o x im a t e  
n a t u r e  o f  t h e  d e r i v e d  t r a v e l  t im e  c u r v e ,  some a d j u s t m e n t  had to  be made to  
a l i g n  the  i n i t i a l  o n s e ts  w i t h  t h e  t r a v e l  t im e  c u r v e .  T h i s  f i g u r e  has been
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c o m p i l e d ,  f i r s t l y ,  t o  s e rv e  as a r e f e r e n c e  f o r  e x a m i n a t i o n  o f  t h e  f i r s t  
and l a t e r  a r r i v a l  da ta  f o r  e v e n ts  in d i f f e r e n t  d i s t a n c e  ran g e s ,  and 
s e c o n d l y ,  t o  p r o v i d e  an o v e r a l l  p i c t u r e  o f  th e  d i s t r i b u t i o n  o f  s e i s m i c  
e n e r g y  as a f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e  and t r a v e l  t i m e .  A weakness 
o f  t h i s  k i n d  o f  p r e s e n t a t i o n  l i e s  in t he  f a c t  t h a t  d i f f e r e n t  e v e n t s  have 
t h e i r  s o u r c e s  a t  d i f f e r e n t  d e p t h s .  When the  t r a c e  c o r r e s p o n d i n g  t o  a 
p a r t i c u l a r  e v e n t  is  p l o t t e d  a t  an ex tended e p i c e n t r a l  d i s t a n c e  computed 
on t h e  b a s i s  o f  th e  s lowness  o f  the  f i r s t  a r r i v a l ,  t h e  a r r i v a l  t im e s  o f  
t h e  l a t e r  phases d e v i a t e  f r om  t h o s e  d e te rm in e d  by t he  t r a v e l  t im e  c u r v e ,  
w h ich  has been computed f o r  s u r f a c e - f o c u s  e v e n t s .  S e c o n d ly ,  th e  d e p t h  
c o r r e c t i o n s  t o  t he  e p i c e n t r a l  d i s t a n c e  and t r a v e l  t im e  have been computed 
u s in g  t h e  f i r s t  a r r i v a l  s lownesses  wh ich  a re  based on t h e  J -  B m ode l .  As 
w i l l  be seen be low ,  t h e  s lowness  o f  the  f i r s t  a r r i v a l  may, a t  some d i s t a n c e s ,  
d i f f e r  c o n s i d e r a b l y  f r o m  t h a t  de te rm in e d  by t h e  J -  B mode l .  T h i s  d i f f e r e n c e  
can g i v e  r i s e  t o  l a r g e  d i f f e r e n c e s  in th e  a c t u a l  and computed d e p th  c o r r e c t ­
i o n s ,  e s p e c i a l l y  a t  s h o r t e r  d i s t a n c e s .  A l s o  i m p o r t a n t  i s  t h e  v e l o c i t y  
d i s t r i b u t i o n  used f o r  com pu t i ng  t h e s e  dep th  c o r r e c t i o n s ,  a g a in  e s p e c i a l l y  a t  
s h o r t  d i s t a n c e s .  The v e l o c i t y  s t r u c t u r e  in t h e  r e g i o n  o f  t h i s  s t u d y  d i f f e r s  
c o n s i d e r a b l y  f r o m  the  J -  B mode l ,  whose s lownesses  have been used as a 
s ta n d a r d  f o r  t h e  f i r s t  a r r i v a l ,  and f rom th e  model o f  Simpson e t  a 1. ( 197 *0 ,  
w h ich  has been assumed i n i t i a l l y  t o  r e p r e s e n t  t h e  r e a l  e a r t h .  The dep th  
c o r r e c t i o n s  a r e  l i k e l y  t o  be in e r r o r ,  e s p e c i a l l y  a t  s h o r t e r  d i s t a n c e s ,  
when l a r g e  d e p th s  a r e  i n v o l v e d .  No a t t e m p t  has been made in  F i g u r e  6 .3  t o  
reduce t h e s e  e r r o r s ,  because o f  u n c e r t a i n t i e s  in t h e  a b s o l u t e  v a l u e s  o f  t he  
measured s low nesses  and th e  v e l o c i t y  d i s t r i b u t i o n .  In th e  f o l l o w i n g  
d i s c u s s i o n ,  d e e p - f o c u s  ev e n ts  a t  d i s t a n c e s  le s s  th a n  20° a r e  r e f e r e n c e d  by 
t h e i r  u n c o r r e c t e d  e p i c e n t r a l  d i s t a n c e  (A  and n o t  w h ic h  i s  t h e  e p i c e n t r a l  
d i s t a n c e  c o r r e c t e d  f o r  f o c a l  d e p t h ) .  To a l l o w  c o m p a r i s o n ,  ex tended  
e p i c e n t r a l  d i s t a n c e s  a r e  computed us in g  t h e  measured s lownesses  o f  t he  g i v e n  
a r r i v a l s  and th e  v e l o c i t y  d i s t r i b u t i o n  o f  Simpson e t  a l . (197*0*  Beyond
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ab o u t  20° th e  d i f f e r e n c e s  between d i f f e r e n t  models  a r e  o f  s m a l l e r  m agn i tude  
and e v e n t s  a re  r e f e r r e d  t o  by t h e i r  ex tended  e p i c e n t r a l  d i s t a n c e s  based on 
th e  f i r s t  a r r i v a l  s lowness  as men t i oned  e a r l i e r .
F i g u r e  6 .4  shows WRA beams o f  an even t  a t  an e p i c e n t r a l  d i s t a n c e  
o f  1 3 *67° .  (For  a d e s c r i p t i o n  o f  th e  p ro c e d u re  used t o  o b t a i n  t h i s  f i g u r e  
see S e c t i o n  5*1 , Chap te r  5 ) *  The even t  in t h i s  f i g u r e  i s  a s i m p l e  one and 
c o n t a i n s  o n l y  one c l e a r  l a t e r  a r r i v a l ,  w h ich  has been i d e n t i f i e d  as pP. On 
a c l o s e r  e x a m i n a t i o n  o f  t h i s  f i g u r e  i t  can be seen ,  p a r t i c u l a r l y  in  t h e  a r r a y  
sums, t h a t  t h e  f i r s t  a r r i v a l  c o n t a i n s  two phases .  A v e r y  smal l  a r r i v a l  B, 
w h ic h  i s  f o l l o w e d  by a l a r g e  a m p l i t u d e  a r r i v a l  A, i s  l o s t  in  t h e  TAP. In 
t h e  coda o f  t h i s  e v e n t  t h e r e  i s  h a r d l y  any ene rgy  w h ic h  can be a t t r i b u t e d  
t o  any o t h e r  b ranch  o f  t h e  t r a v e l  t im e  c u r v e .  The measured u n c o r r e c t e d  
s low nesses  o f  th e  B and A a r r i v a l s  a r e  abou t  12.5 and 13*4 s /d eg  r e s p e c t i v e l y  
( F i g u r e  6 . 4  a ) .  A s i m i l a r  p a t t e r n  o f  B and A a r r i v a l s  i s  obse rved  on many 
e v e n t s  up t o  abou t  17° e p i c e n t r a l  d i s t a n c e .  The r e l a t i v e  s lownesses  o f  
t h e s e  two a r r i v a l s  a r e  c o n s i s t e n t  w i t h  t h e  Ord R i v e r  model o f  Simpson ( 1 9 7 3 ) ,  
where t h e  B b ranch  becomes th e  f i r s t  a r r i v a l  a t  a d i s t a n c e  near  1 2 ° .  T h i s  
b ranch  bo t tom s  be low t h e  175 km d i s c o n t i n u i t y  p o s t u l a t e d  by Simpson.  Because 
t h e r e  i s  l i t t l e  da ta  rec o rd e d  a t  WRA f ro m  d i s t a n c e s  l e s s  than  14° ,  t h i s  s t u d y  
has t o  r e l y  on th e  model d e t e rm in e d  by t he  Ord R i v e r  e x p e r im e n t  (Denham 
e t  a l . , 1 9 7 2 )  f o r  t h e  v e l o c i t y  s t r u c t u r e  above 175 km d e p t h .  F i g u r e  6 .2  shows 
o b s e r v a b l e  a m p l i t u d e s  on th e  A branch up t o  a d i s t a n c e  o f  18° ,  where i t  
p resum ab ly  ends.  The B b ranch  a l s o  e x te n d s  t o  abou t  18° ,  though  w i t h  much 
reduced a m p l i t u d e s ,  p r o b a b l y  as a r e s u l t  o f  a low v e l o c i t y  g r a d i e n t  near  
th e  t o p  o f  t he  LVZ. Beyond 18° an a p p a r e n t  shadow zone f o r  t h i s  b ranch  
b e g i n s .
F i g u r e  6 .5  shows a r r a y  beams o f  an e v e n t  a t  a s l i g h t l y  d i f f e r e n t  
e p i c e n t r a l  d i s t a n c e  bu t  w i t h  a l a r g e r  s ou rce  d e p t h .  The f i r s t  a r r i v a l  in 
t h i s  f i g u r e  i s  s i m i l a r  t o  t h a t  in F i g u r e  6 .4  and shows the  A and B a r r i v a l s ,  
a l t h o u g h  th e  a m p l i t u d e  o f  t h e  B branch  i s  much re d u c e d .  T h i s  e v e n t  shows a
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EVENT N 0 155 A = 13.67° DEPTH=42km
F i g u r e  6 .4  (a) R e s u l t s  o f  N^*1 r o o t  s low ness  measurements 
on the  even t  o f  F i g u r e  6 . 4 .
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l a t e r  a r r i v a l  as w e l l .  T h i s  a r r i v a l ,  w i t h  an u n c o r r e c t e d  e s t i m a t e  o f  
s low ness  o f  11 s / d e g ,  has been marked D. The phase D seems t o  be a s s o c i a t e d  
w i t h  t h e  4 0 0  km d i s c o n t i n u i t y .  On t h e  p re m is e  t h a t  t h e  D b ranch  has a 
s lo w ness  o f  1 0 . 3 5  s /deg  (T ab le  4 . 3 ,  C hap te r  4 ) ,  t h e  e s t i m a t e  o f  t he  ex tended 
e p i c e n t r a l  d i s t a n c e  f o r  t h e  D phase in  t h i s  e v e n t  i s  1 4 . 2 ° .  T h i s  i s  t he  
s m a l l e s t  d i s t a n c e  a t  w h ic h  t h e  D branch  has been o b s e r v e d .  F i g u r e  6 . 6  
shows a r r a y  beams o f  an ev e n t  a t  1 3 - 5 8 °  and a d e p t h  o f  118 km. A p a r t  f r om  
th e  A,  B and D phases ,  t h i s  e v e n t  has a l s o  a phase l a b e l l e d  C. I t s  measured 
s lowness  is  1 2 . 2  s / d e g .  The ex tended d i s t a n c e  f o r  t h e  phase i s  1 5 - 2 ° .  
A l t h o u g h  t h e r e  a r e  some i n d i c a t i o n s  t h a t  i t  b e g in s  t o  appea r  a t  s l i g h t l y  
s m a l l e r  d i s t a n c e s ,  t h i s  i s  t h e  s m a l l e s t  d i s t a n c e  where  i t  has been p o s s i b l e  
to  o b t a i n  an unambiguous i d e n t i f i c a t i o n  o f  t h e  phase.  Because o f  p a u c i t y  
o f  da ta  near  15°  t h e  d i s t a n c e  a t  wh ich  phase C b e g in s  t o  appear  c anno t  be 
e x a c t l y  d e t e r m i n e d .  I t  i s  i n f e r r e d  f r om  the  o b s e r v a t i o n s  p r e s e n t e d  l a t e r  
t h a t  t he  phase C i s  a c o m b i n a t i o n  o f  t h e  r e t r o g r a d e  and d i r e c t  b ranches  
a s s o c i a t e d  w i t h  t h e  LVZ. The f i g u r e  a l s o  shows two more phases in  th e  coda .  
An e x a m i n a t i o n  o f  the  r e s u l t s  o f  s lowness a n a l y s i s  ( F i g u r e  6 . 7 )  s u g g e s ts  t h a t  
t h e s e  can be i d e n t i f i e d  as PP and D r e s p e c t i v e l y .  A t  l a r g e r  d i s t a n c e s  the  
A, B, C and D b ranches  a l l  a r r i v e  in  c l o s e  p r o x i m i t y  and i t  becomes i n c r e a s ­
i n g l y  d i f f i c u l t  t o  s e p a r a t e  them, though  r e c o r d i n g s  o f  e v e n ts  a t  d i s t a n c e s  
between 17° and 19° sugges t  t h a t  the  c o m p l e x i t y  o f  t h e  s e i s m i c  wave t r a i n  
f o l l o w i n g  t h e  f i r s t  a r r i v a l  r e s u l t s  f r om  t h e  m u l t i p l i c i t y  o f  phases a r r i v i n g  
in  s u c c e s s io n .  Some examples o f  th e s e  a r e  shown in  F i g u r e  6 . 8 .  A r r a y  
beams o f  t h e s e  e v e n t s  f o r  some s e le c t e d  s low nesses  were p l o t t e d  t o  a t t e m p t  
i d e n t i f i c a t i o n  o f  some phases .  In t h e  f i g u r e  one o f  t h e  e v e n ts  (Even t  No. 5)  
i s  f rom an e p i c e n t r a l  d i s t a n c e  o f  13-26° b u t  i t s  f o c a l  d e p th  i s  150 km, and 
th e  ex tended e p i c e n t r a l  d i s t a n c e s  f o r  t h e  phases A, B, C and D a r e  c a l c u l a t e d  
as 1 6 . 3 6 ° ,  1 5 . 5 2 ° ,  1 5 . 5 4 °  and 1 4 . 8 0 °  r e s p e c t i v e l y .  T he re  a r e  i n d i c a t i o n s  in 
t h e  a r r a y  beams t h a t  most o f  t h e  phases m en t ioned  above e x i s t ,  t hough  i t  may 
n o t  be f e a s i b l e  t o  i d e n t i f y  them p o s i t i v e l y  on t h e  v a r i o u s  b r a n c h e s .  The
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EVENT N O  4 , A = 13-58°, DEPTH = 118 km
t  h
F i g u r e  6 . 7  L i n e a r  a r r a y  beam and r e s u l t s  o f  t h e  N r o o t  s l o w n e s s
m e a s u r e m e n t s .
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F i g u r e  6 . 8  S e le c te d  a r r a y  beams f o r  f o u r  e v e n t s  t o  show th e  complex 
n a t u r e  o f  t h e  t r a c e s  a t  t h e i r  r e s p e c t i v e  d i s t a n c e s .
1*45
d i f f i c u l t y  o f  i d e n t i f i c a t i o n  a r i s e s  f i r s t l y  f r o m  t h e  poor  SNR a t  t h e  s i g n a l  
o n s e t  and s e c o n d l y  f r o m  th e  smal l  t im e  s e p a r a t i o n  between t h e  v a r i o u s  d i r e c t  
and r e f l e c t e d  b r a n c h e s .  The branches  A and B, t hough  t h e y  a r e  p r e s e n t ,  a re  
n o t  c l e a r l y  seen on a l l  e v e n ts  because o f  t h e i r  low a m p l i t u d e s  r e l a t i v e  to  
t h e  l a t e r  a r r i v a l s ,  The re  a r e  a l s o  i n d i c a t i o n s  on many e v e n t s  o f  some energy  
in t h e  coda w h ic h  a r r i v e s  w i t h  a s m a l l e r  s lowness  than  t h e  C and D b ranc hes .  
These smal l  a r r i v a l s  appear  t o  be a s s o c i a t e d  w i t h  t h e  E and F b ranches  
(C hap te r  5 ) .
As men t i oned  above ,  th e  A branch t e r m i n a t e s  a t  abou t  18° .  I t s  
a m p l i t u d e  reduces  g r a d u a l l y  w i t h  d i s t a n c e .  Between 17° and 19° t h e  s i g n a l  
o n s e t s  a r e  n o t  v e r y  w e l l  d e f i n e d  because o f  th e  reduced a m p l i t u d e s  o f  th e  
A and B b ra n c h e s .  Beyond 19° t h e  t r a c e s  have once a g a in  a w e l l  d e f i n e d  
s i g n a l  o n s e t .  F i g u r e  6 . 9  shows a r r a y  beams o f  an e v e n t  a t  an ex tended  
e p i c e n t r a l  d i s t a n c e  o f  19 -9 9 ° -  The u n c o r r e c t e d  e s t i m a t e  o f  t h e  s lowness  o f  
t h e  f i r s t  a r r i v a l ,  marked C in  t h i s  f i g u r e , i s  11 .8  s / d e g .  As th e  a r r a y ­
phas ing  s low ness  i s  in c re a s e d  beyond 11.6 s / d e g ,  a n o t h e r  phase marked C1 is  
enhanced in th e  TAP o u t p u t .  T h i s  phase has an u n c o r r e c t e d  s lowness  o f  13 
s / d e g .  The phase C rem ains  a f i r s t  a r r i v a l  o n l y  f o r  a s h o r t  d i s t a n c e  i n t e r v a l ,  
as can be seen f r om  F i g u r e  6 .1 0  w h ich  shows a r r a y  beams o f  an even t  a t  a 
d i s t a n c e  o f  2 1 .5 8 °  (Event  No. 79,  F i g u r e  6 . 3 ) .  These a r r a y  beams, t o g e t h e r  
w i t h  t h e  r e s u l t s  o f  s lowness  measurements on t h i s  e v e n t ,  show t h a t  t h e  f i r s t  
a r r i v a l  i s  on th e  D b ranch .  The C branch a t  t h i s  d i s t a n c e  i s  v e r y  c l o s e  t o  
t h e  D branch  and t h e r e f o r e  c anno t  be s e p a r a t e d .  However ,  t h e  C1 a r r i v a l  can 
be c l e a r l y  i d e n t i f i e d  on th e  t r a c e s .  From th e  r e s u l t s  o f  s lowness  measure­
ments ( F i g u r e  6.1 and T a b le  4 . 3 )  t h e  c r o s s - o v e r  p o i n t  o f  t h e  C and D branches  
i s  i n f e r r e d  t o  be a t  a d i s t a n c e  near  2 0 . 5 ° .  The i d e n t i f i c a t i o n  o f  t h e  f i r s t  
a r r i v a l  a t  20° w i t h  t he  C b ranch  is  o f  v i t a l  im p o r ta n c e  in  d e t e r m i n i n g  the  
d e p t h  o f  t h e  400 km d i s c o n t i n u i t y  and i t s  v e l o c i t y  s t r u c t u r e .  I t  shows 
t h a t  t h e  D branch  does no t  become t h e  f i r s t  a r r i v a l  b ranch  u n t i l  a d i s t a n c e  
o f  2 0 .5 °  i s  re a c h e d .  S e c o n d ly ,  th e  e x i s t e n c e  o f  an LVZ above 400 km p r o v i d e s
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l a r g e r  e s t i m a t e s  f o r  t h e  d e p th s  o f  t h e  v e l o c i t y  i n c r e a s e s  be low t h i s  
compared t o  t h o s e  w h ich  would have been o b t a i n e d  i f  t h e  LVZ had n o t  been 
i d e n t i f i e d  ( G u tenbe rg ,  1959) .  The E phase in  F i g u r e  6.10  be longs  t o  the 
650 km b r a n c h .  T h i s  phase becomes the  f i r s t  a r r i v a l  a t  a d i s t a n c e  near  24 ° .  
The s l i g h t l y  l a r g e r  t im e  s e p a r a t i o n  (abou t  2 seconds )  between t h e  D and 
E a r r i v a l s  i s  e x p l a i n e d  when d e p th  c o r r e c t i o n s  f o r  t h e  two phases a r e  
computed s e p a r a t e l y  u s in g  t h e i r  r e s p e c t i v e  s low n e s s e s .  In F i g u r e  6 . 1 1 ,  
w h i c h  has been co m p i le d  t o  d e m o n s t r a t e  t h e  c r o s s - o v e r  d i s t a n c e  o f  the  D and 
E b r a n c h e s ,  a r r a y  beams o f  some e v e n ts  in  t h e  d i s t a n c e  range  210 -  26° 
a r e  shown. In t h i s  f i g u r e ,  a t  2 1 .58 °  t h e  f i r s t  a r r i v a l  i s  on th e  D branch 
whereas  t h e  E branch  a r r i v e s  as a l a t e r  a r r i v a l .  As t he  e p i c e n t r a l  d i s t a n c e  
i s  i n c r e a s e d ,  t h e  D and E phases come c l o s e r  u n t i l  t h e y  merge a t  a d i s t a n c e  
near  2 4 . 5 ° .  A t  a d i s t a n c e  o f  2 4 .7 4 °  t h e r e  a r e  a g a i n  two s e p a r a t e  a r r i v a l s  
near  t h e  o n s e t .  The s lownesses  o f  th e  two a r r i v a l s  a r e  now in  t h e  r e v e r s e  
o r d e r ,  i . e . t h e  f i r s t  a r r i v a l  now has a s m a l l e r  s lowness  (and t h e r e f o r e  
l i e s  on t h e  E b ranch )  than  t h e  f o l l o w i n g  a r r i v a l  w h ic h  i s  a f i r s t  a r r i v a l  
a t  d i s t a n c e s  s m a l l e r  th a n  2 3 - 5 °  and l i e s  on t h e  D b ra n c h .  These o b s e r v a t i o n s  
show t h a t  t h e  d e c r e a s e  in s lowness  o f  t h e  f i r s t  a r r i v a l  near  24° ( F i g u r e  6 . 2 )  
is  r e a l .  A c l o s e r  e x a m i n a t i o n  o f  t h e  TAPs o f  more e v e n ts  near  24° sugges ts  
t h a t  t h e  c r o s s - o v e r  d i s t a n c e  o f  t he  D and E branches  i s  2 4 ° ± 0 . 2 5 ° .  I t  has 
been p o s s i b l e  t o  i d e n t i f y  t h e  a r r i v a l s  on t h e  E branch  as f a r  back as 17° .  
A l s o  i t  was shown in C hap te r  5 t h a t  t h e  E b ranch  e x te n d s  w i t h  smal l  am p l i tudes  
o u t  t o  d i s t a n c e s  as f a r  as 5 0 ° .  I t  has n o t  been p o s s i b l e  t o  l o c a t e  t h e  cusp 
o f  t he  b ra n c h  on t h i s  s i d e .  T h i s  a s p e c t  o f  t h e  e x t e n s i o n  o f  t h e  E b r a n c h ,  
as we s h a l l  see l a t e r ,  p l a c e s  s i g n i f i c a n t  c o n s t r a i n t s  on th e  v e l o c i t y  
g r a d i e n t  b e lo w  t h e  650 km d i s c o n t i n u i t y .  A n o t h e r  i m p o r t a n t  f e a t u r e  o f  t h e  
E b ranch  a r r i v a l s  in  t h e s e  d a ta  i s  t h a t  t h e y  appea r  as f i r s t  a r r i v a l s  a t  24° 
w i t h  a c l e a r  o n s e t  bu t  d e c re a s e  in  a m p l i t u d e  as t h e  d i s t a n c e  i s  i n c r e a s e d .  
Beyond 26° t h e  s i g n a l  o n s e t s  a r e  v e r y  weak and rema in  so u n t i l  t h e  F branch  
becomes t h e  f i r s t  a r r i v a l .  A s c r u t i n y  o f  some e v e n t s  in  t h e  same d i s t a n c e
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F i g u r e  6.11 S e le c te d  a r r a y  beams o f  e v e n t s  in th e  d i s t a n c e  
range 21° -  2 6 ° t o  i l l u s t r a t e  t he  c r o s s - o v e r  
d i s t a n c e  o f  the D and E b ra n c h e s .
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range  f r om  the  Solomon I s l a n d s  r e g io n  shows t h a t  t h e  v e r y  low a m p l i t u d e s  
o f  t h e  E branch  a r e  no t  a u n i v e r s a l  f e a t u r e  o f  t h i s  d i s t a n c e  range ,  and 
a r e  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  r e g i o n  o f  s t u d y .
In t h e  r e g i o n  between 21° and 2 3 ° ,  t h e  t r a c e s  a r e  v e r y  complex 
and i t  i s  d i f f i c u l t  t o  i d e n t i f y  the  v a r i o u s  b ranches  w i t h o u t  a m b i g u i t y .
T h i s  i s  because ,  as w i l l  be seen in Chap te r  7 ,  many b ranches  a r r i v e  w i t h i n  
a s h o r t  i n t e r v a l  o f  t i m e .  Beyond 23° t he  t r a c e s  a r e  c o m p a r a t i v e l y  s i m p l e  
and a l l o w  i d e n t i f i c a t i o n  o f  l a t e r  a r r i v a l s .  The i n i t i a l  p a r t  o f  t h e s e  
t r a c e s ,  in th e  d i s t a n c e  range 23° -  25° c o n t a i n s  t h e  D and E b r a n c h e s ,  w h ic h  
a r r i v e  v e r y  c l o s e  t o  each o t h e r .  The l a t e r  p a r t  c o n t a i n s  t h e  phases produced 
by t h e  LVZ. F i g u r e s  6 .1 2  and 6.13 show a r r a y  beams o f  two e v e n ts  a t  
d i s t a n c e s  2 3 -48°  and 23 -88°  r e s p e c t  i ve l  y'. These e v e n t s  c l e a r l y  d e m o n s t r a t e  
th e  phases C and C  and t h e i r  s lownesses .  The a m p l i t u d e s  on the  C* branch  
a r e  g r e a t e r  than  t h o s e  on t h e  C branch because o f  a l a r g e r  c u r v a t u r e  in  t h e  
r e t r o g r a d e  b ranch  (C 1) . F ig u r e  6 . 1 4 ,  w h ich  shows a r r a y  beams o f  an e v e n t  a t  
2 5 - 4 1 ° ,  i s  a n o t h e r  examp le o f  t he  C  branch a t  a g r e a t e r  d i s t a n c e .  L i k e  
F i g u r e s  6.12 and 6 . 1 3 ,  t h i s  f i g u r e  a l s o  s u p p o r t s  a s m a l l e r  c u r v a t u r e  in  
th e  C b ranch .  The a r r i v a l s  E, D and C1 a r e  e a s i l y  i d e n t i f i e d  in  t h i s  
f i g u r e .  These d a ta  s ugges t  t h a t  t he  C and C‘ b r a n c h e s ,  as w e l l  as t h e  D 
b ra n c h ,  may ex te nd  t o  f u r t h e r  d i s t a n c e s .  In th e  d i s t a n c e  range 26° -  30° 
t he  t r a c e s  a r e  v e r y  c om p lex ,  p a r t i c u l a r l y  in  th e  coda .  T h i s  i s  because th e  
t r a v e l  t i m e  branches  in  t h i s  d i s t a n c e  range a r e  sp read  o v e r  g r e a t e r  t i m e  
i n t e r v a l s  than  in o t h e r  d i s t a n c e  ranges .  For  exam ple,  near 22° phases o f  
most o f  t h e  b ranches  a r r i v e  w i t h i n  abou t  5 seconds a f t e r  t h e  f i r s t  a r r i v a l ,  
whereas between 26° and 30° t h e i r  a r r i v a l  t im e s  a r e  spread a l m o s t  u n i f o r m l y  
ov e r  a 10 -  15 seconds i n t e r v a l ,  t hus  i n t r o d u c i n g  a l a r g e  amount o f  c o m p l e x i t y  
in  t h e  codas.  A r r a y  beams o f  t h e  ev e n ts  in  t h i s  d i s t a n c e  range  sugges t  t h a t  
p a r t  o f  t h e  e ne rgy  in  t h e  coda has been r e f l e c t e d  f r o m  d i s c o n t i n u i t i e s  in 
t h e  deep m a n t l e .  However t h e  c o m p l e x i t y  o f  t he  r e c o r d s  and t h e  smal l  
a m p l i t u d e s  o f  t he  f i r s t  a r r i v a l s  do not  p e r m i t  c o r r e l a t i o n  t e c h n i q u e s  t o
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be used s u c c e s s f u l l y  on a l l  e v e n ts  u n l e s s  t h e  SNR i s  h i g h .  A r r a y  beams o f  
an e v e n t  w i t h  a good SNR a t  an e p i c e n t r a l  d i s t a n c e  o f  2 7 . 1 0 °  (n o t  c o r r e c t e d  
f o r  f o c a l  d e p th )  a r e  shown in  F i g u r e  6 . 1 5 .  The a r r a y  beams show t h e  l a t e r  
a r r i v a l s  C and C 1 v e r y  c l e a r l y .  The s e p a r a t i o n s  between t h e  a r r i v a l  t im e s  
o f  t h e  phases ,  w h ic h  have been marked on one o f  t h e  TAP t r a c e s ,  a r e  much 
l a r g e r  th an  t h o s e  expec ted  f o r  a s u r f a c e - f o c u s  e v e n t  a t  t h i s  d i s t a n c e .  The 
use o f  ex tended  e p i c e n t r a l  d i s t a n c e s  f o r  t h e  d i f f e r e n t  branches  shows t h a t  
th e  a r r i v a l  t im e s  o f  t h e s e  phases a re  in  ag reement  w i t h  t h o s e  obse rved  
in  o t h e r  e v e n t s .  A l t h o u g h  these  da ta  do no t  p r o v i d e  c o n c l u s i v e  e v i d e n c e ,  
t h e  l a t e r  a r r i v a l s ,  C and C ' ,  in  t h e  d i s t a n c e  range  17° ~ 30° and th e  
de c re a s e  in s lowness  a t  a b o u t  19-5°  can be e x p l a i n e d  in  te rms o f  a sha rp  
v e l o c i t y  i n c r e a s e  a t  th e  bo t tom  o f  t he  LVZ. P r e l i m i n a r y  m o d e l l i n g  shows 
t h a t  th e  observed  a r r i v a l  t im e s  and s lownesses  o f  t he  C and C 1 phases 
c o u ld  be e x p l a i n e d  i f  t h e  LVZ beg in s  a t  a d e p t h  ne a r  210 km and i s  t e r m i n a t e d  
by a sha rp v e l o c i t y  i n c r e a s e  a t  a dep th  near  330 km. I t  s h o u l d ,  however ,
be p o i n t e d  o u t  t h a t  t h e  s low ness on t h e  C1 b r a n c h ,  i f  i t  i s  i d e n t i f i e d  as th e  
r e t r o g r a d e  branch produced by t h e  LVZ, is somewhat h i g h e r  (a d i f f e r e n c e  o f  
abou t  0 .3  ~ 0 . 5  s /d e g )  t han  t h a t  o f  th e  B b r a n c h .  I t  has n o t  been p o s s i b l e  
t o  measure t h e  s lownesses  o f  t h e s e  phases ( B, C and C )  o v e r  an ex tended  
range o f  e p i c e n t r a l  d i s t a n c e .  On t h e  as s u m p t io n  t h a t  t h e  LVZ e x i s t s  t h i s  
d i f f e r e n c e  in s lowness  may be e x p l a i n e d  in te rms o f  e i t h e r  t h e  h i g h e r  P-wave 
v e l o c i t i e s  unde r  t h e  A u s t r a l i a n  c o n t i n e n t  (H a les  e t  a l . , 1 9 7 5 )  o r  a sou rc e  
b ia s  (which  i n f l u e n c e s  th e  B b ranch )  under th e  Banda sea r e g i o n  (where most 
o f  t h e  e v e n ts  used f o r  m easu r ing  th e  B branch  s low nesses  a r e  l o c a t e d  a t  
d i f f e r e n t  d e p t h s ) .  In most  o f  th e s e  e v e n ts  beyond 25° we a l s o  see some 
c o h e r e n t  e ne rgy  w i t h  a r r i v a l  t i m e s  between t h e  C and C  phases .  The s low ness  
o f  th e s e  a r r i v a l s  appea rs  ( f rom  t h e  a r r a y  beams) t o  be c l o s e  t o  t h a t  o f  t h e  C 
branch  a r r i v a l s .  Because o f  t he  smal l  a m p l i t u d e s  t h e i r  s low nesses  c anno t  
be a c c u r a t e l y  d e t e r m i n e d .  These a r r i v a l s  m ig h t  have r e s u l t e d  f r om  a 
s t r u c t u r e  in t h e  LVZ. The LVZ has been m ode l led  on t h e  b a s i s
1. 8 0 s/deg
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2 . 9.5 s/deg
3. 11.0 s|deg
4. 12.5 s|deg
40 seconds
EVENT NO 39 A  = 27.10° DEPTH =194 km
F i g u r e  6 . 1 5  Ar ray  beams o f  an e ve n t  to d e m o n s t r a t e  t h e  e x t e n s i o n  of  t h e  
C and C 1 b r a n c h e s  t o  d i s t a n c e s  a s  l a r g e  as  32° which i s  t h e  
ex t e nde d  d i s t a n c e  f o r  t he  phase  C1. The a r r i v a l  on t h e  
D ' - b r a n c h  (520 km d i s c o n t i n u i t y )  i s  a l s o  i l l u s t r a t e d .
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o f  t h e  C and C 1 a r r i v a l s  w i t h  no c o n s t r a i n t  in  te rm s  o f  t h e  i n t e r m e d i a t e  
a r r i v a l .  To examine i f  t h e  C and C  phases a r e  f e a t u r e s  o f  e v e n ts  f r om  
a z i m u t h s  near  3^0° o n l y ,  WRA r e c o r d i n g s  o f  some e v e n ts  f r o m  t h e  Solomon 
I s l a n d s  were examined .  I t  was found  t h a t  in  a l l  e v e n t s  examined in  t h e  
d i s t a n c e  range 25° -  2 8 ° ,  t h e  phases C and C' c o u ld  be i d e n t i f i e d .  One 
example  o f  these  e v e n ts  is  shown in  F i g u r e  6 . 1 6 .  These o b s e r v a t i o n s  sugges t  
t h a t  t h i s  f e a t u r e  o f  t h e  t r a v e l  t i m e  c u r v e  i s  l i k e l y  t o  be a w ides p read  
phenomenon. As p o i n t e d  o u t  e a r l i e r ,  t h e  s t r u c t u r e  i n  t h e  LVZ w i l l  m a rk e d ly  
i n f l u e n c e  t h a t  in l a y e r s  be low t h e  LVZ. T h i s  a s p e c t  o f  t he  LVZ w i l l  be 
d i s c u s s e d  in  d e t a i l  in Chap te r  7-
F i g u r e  6 . 1 5  a l s o  has a phase w h ic h  a r r i v e s  abou t  two seconds 
e a r l i e r  t h a n  t h e  D phase.  T h i s  a r r i v a 1, ‘w h ic h  has been marked D1, beg in s  
t o  appea r  d i s t i n c t l y  a t  abou t  25° ( F i g u r e  6 . 2 ) .  The appea rance  o f  t h i s  
phase r e s u l t s  in  an inc re a s e d  c o m p l e x i t y  o f  t h e  t r a c e  near  t h e  o n s e t  o f  
th e  D b r a n c h ,  so t h a t  t h e  D phase does n o t  have a c l e a r  o n s e t .  However ,  
s u f f i c i e n t  e v id e n c e  e x i s t s  t h a t  th e  D b ranch  e x te n d s  t o  much g r e a t e r  d i s t a n c e s .  
Because o f  t he  c o n t a m i n a t i o n  o f  D1 by o t h e r  a r r i v a l s  i t  has no t  been p o s s i b l e  
t o  d e t e r m i n e  t h e  s lo w ness  o f  th e  phase a c c u r a t e l y  u s in g  c o r r e l a t i o n  t e c h n iq u e s .  
T h i s  can be e s t i m a t e d  a p p r o x i m a t e l y  on th e  b a s i s  o f  i t s  s e p a r a t i o n  f r o m  t h e  
D b r a n c h ,  and l i e s  between 9 . 6  and 10 s / d e g .  A l t h o u g h  i t  has n o t  been 
p o s s i b l e  t o  i d e n t i f y  t h e  phase w i t h  c e r t a i n t y ,  t h e  d a ta  do s u p p o r t  i t s  
e x i s t e n c e .  The branch  D1 i s  susperseded by t h e  E branch  b e f o r e  i t  c o u ld  
become a f i r s t  a r r i v a l ,  w h ic h  would have enab le d  a more a c c u r a t e  d e t e r m i n a t i o n  
o f  i t s  p o s i t i o n  in  t h e  T -  A p la n e .  The D1 a r r i v a l  can be i n t e r p r e t e d  as 
a phase r e f r a c t e d  i n t o  a r e g i o n  o f  r a p i d  o r  d i s c o n t i n u o u s  v e l o c i t y  i n c r e a s e  
in  t he  m a n t l e  a t  a d e p th  nea r  520 km. These o b s e r v a t i o n s  show t h a t  t he  
e x i s t e n c e  o f  a v e l o c i t y  i n c r e a s e  a t  t h i s  d e p t h ,  w h ic h  c o r re s p o n d e d  t o  a 
t r i p l i c a t i o n  c e n t r e d  a round 21° in e a r l i e r  t r a v e l  t im e  c u r v e s  (H e lm berger  and 
W i g g i n s ,  1971; Simpson et_ a] _ . , 197*0 i s  s u p p o r te d  by th e s e  d a t a ,  e x c e p t  t h a t  
t h e  c o r r e s p o n d i n g  t r i p l i c a t i o n  i s  he re  c e n t r e d  around  2 5 ° ,  where t h e  f o r w a r d
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branch  o f  the  t r i p l i c a t i o n  (520 km b ranch)  c r o s s e s  t h e  D b ranch .
6 . 2  DISCUSSION.
At  f i r s t  s i g h t  t h e  da ta  and i n t e r p r e t a t i o n  p r e s e n te d  in  t h i s  
c h a p t e r  seem t o  be a t  v a r i a n c e  w i t h  e a r l i e r  uppe r  m a n t l e  s t u d i e s  u s in g  
WRA d a t a  ( W r i g h t ,  1 970 b ; S impson e t  a 1 . ,  1 97*0 • However ,  W r i g h t  (1970 b) was 
n o t  a b l e  t o  s a t i s f y  h i s  d a ta  a d e q u a t e l y  w i t h  j u s t  t h e  400 km and 650 km 
b r a n c h e s .  He sugges te d  t h a t  t he  l a r g e  s c a t t e r  in  h i s  dT /d A  measurements 
were p r o b a b l y  t h e  r e s u l t  o f  a d d i t i o n a l  b ranches  b e f o r e  and a f t e r  t h e  400 km 
b ra n c h .  A l t e r n a t i v e l y ,  he sugges ted t h a t  t h e  s c a t t e r  c o u ld  be due to  t h e  
s t r u c t u r e  under  t h e  a r r a y .  The c o m b i n a t i o n  o f  i n s u f f i c i e n t  da ta  w i t h  t h e  
method o f  m easu r ing  o n s e t  t im e s  o f  i n d i v i d u a l  c h a n n e l s  p r e c lu d e d  him f r om  
i d e n t i f y i n g  weak i a t e r  a r r i v a l s  and th u s  d i s t i n g u i s h i n g  between t h e  two 
a l t e r n a t i v e s .  In t h e  d a t a  o f  Simpson e t  a 1. (1974) t h e  330 km b ranch  seems 
t o  be p r e s e n t  bu t  i s  masked by t h e  r e f l e c t i o n  b ranc h  o f  t h e  400 km d i s c o n t i n ­
u i t y .  The a r r i v a l s  on b o th  th e s e  branches  have been th en  i n t e r p r e t e d  as 
b e l o n g i n g  t o  th e  r e f l e c t i o n  b ranch .  The o n s e t  o f  i n c r e a s e d  a m p l i t u d e s  near  
19-5°  was i n t e r p r e t e d  by t h e s e  a u t h o r s  as t h e  b e g i n n i n g  o f  t h e  400 km b ra n c h .  
T h i s  r e s u l t e d  in  a s h a l l o w e r  de p th  e s t i m a t e  f o r  t h e  c o r r e s p o n d i n g  d i s c o n ­
t i n u i t y ,  ( abou t  380 km compared w i t h  450 km in  t h i s  s t u d y ) .  They were  then  
led  t o  a s s o c i a t e  t h e  t r u e  400 km branch  (w h ich  b e g in s  a t  abou t  2 0 . 5 ° )  w i t h  
t h e  520 km d i s c o n t i n u i t y .  The t e r m i n a t i o n  o f  t h e  f o r w a r d  b ranc h  a s s o c i a t e d  
w i t h  t h e  400 km d i s c o n t i n u i t y ,  in  t h e  model o f  t h e s e  a u t h o r s ,  near  22° 
r e s u l t e d  in t o  a w ide  d e p th  i n t e r v a l  f o r  t h e  400 km t r a n s i t i o n  zone .  A 
t o t a l  i n c r e a s e  o f  abou t  10% in  t h e  v e l o c i t y  a t  400 km has been p o s t u l a t e d  
by th e s e  a u t h o r s ,  whereas the  d a ta  p resen ted  he re  f a v o u r s  a v e l o c i t y  i n c r e a s e  
o f  6 -  8% o v e r  a 50 km i n t e r v a l ,  b e g in n in g  a t  a d e p th  near  330 km, and a 
5% in c r e a s e  o v e r  a c o m p a r a t i v e l y  s m a l l e r  de p th  i n t e r v a l  (20 -  30 km) 
c e n t r e d  around  450 km. The d i f f e r e n c e  in t h e  e s t i m a t e d  v e l o c i t y  a t  a d e p th  
near  480 km is  o n l y  0.5%. The a s s o c i a t i o n  o f  t h e  t r u e  400 km b ranch  w i t h
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t h e  520 km d i s c o n t i n u i t y  has forced the  650 km d i s c o n t i n u i t y  to  a dept h  of 
680 km. Using t h e i r  method of  p roces s i ng  the  a u t h o r s  were not  a b l e  to  
i d e n t i f y  an LVZ.
The da t a  used in t h i s  r e s ea r ch  has enabled t he  i d e n t i f i c a t i o n  
o f  two branches  in t he  t r a v e l  t ime curve  which may be a s s o c i a t e d  wi t h  t he  
r e t r o g r a d e  and d i r e c t  branches  produced by an LVZ, f o r  two widely  s epa r a t ed  
a z i mut hs .  Al though t h e se  d a t a  prove t h a t  t h e s e  branches  a r e  not  l i m i t ed  to 
an azimuth o f  3**0° wi th  r e s p e c t  to WRA, i t  is  i n t e r e s t i n g  t o  s p e c u l a t e  
whether  t he  LVZ is a worldwide phenomenon. Suppor t  f o r  t he  LVZ based on 
the  r ap i d  d e c r e a s e  in t he  ampl i t udes  of  t h e  f i r s t  a r r i v a l  branch a t  e p i ce n -  
t r a l  d i s t a n c e s  below 18° is  a v a i l a b l e  in t he  d a t a  of  Archambeau e t  a 1. (1966), 
Green and Hales ,  (1968) and Masse e t  a l ♦ (1972) fo r  t he  c e n t r a l  U.S.  and in 
t h e  d a t a  of  Ste inmetz  e t  al . (197*0 in Europe.  Masse et_ a\_. observed 
a l a rg e  d e c r e a s e  in t he  ampl i t udes  of t h e  f i r s t  a r r i v a l s  a t  d i s t a n c e s  
near  1500 km, but  they d i s c a r de d  t he  model o f  an LVZ in p r e f e r e n c e  to 
t h a t  o f  a low v e l o c i t y  g r a d i e n t  on t he  b a s i s  t h a t  Johnson (1967) was ab l e  
to  measure the  s lowness  of  t h e se  weak a r r i v a l s  ou t  to an e p i c e n t r a l  d i s t a n c e  
o f  2000 km us ing the  Tonto Fores t  a r r a y .  As ment ioned e a r l i e r ,  t he  p r e sen t  
da t a  a l s o  have enabled the  o b se r v a t i o n  of  t he  B branch a r r i v a l s  out  t o  18°.* 
Thi s  i s  because  t he  v e l o c i t y  de c r e a s e  a t  t he  beginning of  t he  LVZ is  not 
l a rge  enough to produce a complete  shadow zone.  The small  n e g a t i v e  v e l o c i t y  
g r a d i e n t s  r e s u l t  in small  ampl i t udes  f o r  the  B branch ,  which g r a d u a l l y  
become unobse rvab l e .  A l t e r n a t i v e l y ,  the  v e l o c i t y  a t  t he  top of  t he  LVZ 
d e c r e a s e s  g r a d u a l l y ,  producing small  a mpl i t udes  on the  B branch,  and a l a r g e  
de c r e a s e  a t  a l a r g e r  depth  produces  a shadow zone a t  d i s t a n c e s  beyond 18°.
The d a t a  p r e sen t e d  by Green and Hales (1968) from t he  Ear ly  Ri se  exper iment  
a l s o  i n d i c a t e  a de c r e a s e  in t he  ampl i t udes  of  t he  f i r s t  a r r i v a l s  beyond 
1500 km. There is  a l s o  some evidence  in t h e i r  da t a  (Figure  12 of  t h e i r  
paper)  t h a t  a l a t e r  a r r i v a l  branch begins  a t  a d i s t a n c e  near  1750 km and 
becomes a f i r s t  a r r i v a l  a t  about  2000 km. Based on t h e i r  d a t a  a l o n e ,  such
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an i n t e r p r e t a t i o n  would be tenous  and th e y  con c lu d e d  t h a t  i f  an LVZ e x i s t e d  
i t  had t o  be more than  150 km deep .  The da ta  o f  Archambeau et_ a_l_. (1966)  
f r o m  t h e  Solomon ev e n t  a l s o  sugges t  a deep LVZ. A t  d i s t a n c e s  beyond 1600 
km t h e y  have d i f f i c u l t y  in e x p l a i n i n g  th e  d i s a p p e a r a n c e  o f  t h e i r  b ranch  
( F i g u r e  13 o f  t h e i r  p a p e r ) .  They d i d ,  however ,  i d e n t i f y  t h e  330 km 
d i s c o n t i n u i t y  w h ic h  has been i n t e r p r e t e d  here  as t h e  b o t tom  o f  t h e  LVZ. In 
Europe,  t h e  d a ta  o f  S te in m e tz  et_ a_l_. (197*0 f r o m  a s e i s m i c  p r o f i l e  a c r o s s  
France  a l s o  i n d i c a t e  a r a p i d  d ec reas e  o f  t h e  f i r s t  a r r i v a l  a m p l i t u d e s  a t  
d i s t a n c e s  near  1600 km, f o l l o w e d  by a v e l o c i t y  i n c r e a s e  a t  330 km d e p t h .  
Excep t  f o r  t h e  C and C 1 branches  and t h e  r e s u l t i n g  i m p l i c a t i o n s , t h e  f i n d i n g s  
o f  t h i s  r e s e a r c h  w i t h  r e s p e c t  t o  t h e  v e l o c i t y  s t r u c t u r e  in  t h e  uppe r  m a n t l e  
a g re e  w i t h  t h e  d a ta  o f  most e a r l i e r  s t u d i e s .
In a r e c e n t  paper  Hales  e t  a l . (1975)  i n v e s t i g a t e d  upper  m a n t l e  
t r a v e l  t im e s  in  A u s t r a l i a .  They observed  a d e f i n i t e  t r e n d  o f  t h e  d e c r e a s e  
in a m p l i t u d e s  in  t h e  d i s t a n c e  range 15° ~ 2 0 ° .  These a u t h o r s ,  though  t h e y  
remark  t h a t  t h a t  t h e  e v id e n c e  f o r  an LVZ i s  p o o r ,  do n o t  p r e c l u d e  th e  
p o s s i b i l i t y  o f  i t s  e x i s t e n c e .
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CHAPTER 7
CONSTRUCTION OF A VELOCITY MODEL
7.1 INTRODUCTION.
The main o b j e c t i v e  o f  measu r ing  t h e  s lowness  (dT /dA)  o f  s e i s m i c  
a r r i v a l s  as a f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e  i s  t o  c o n s t r u c t  a dT /d A -A  
c u r v e ,  w h i c h  can be i n v e r t e d  t o  o b t a i n  a v e l o c i t y  s t r u c t u r e  in  t h e  i n t e r i o r  
o f  t h e  e a r t h .  For  a s e i s m i c  ra y  t r a v e l l i n g  in  a s t r a t i f i e d  e a r t h  t he  
r a y  p a ra m e te r  p i s  g i v e n  by:
r . s i n  i . r-, ^ \
where r  i s  t h e  r a d i u s  o f  t h e  s p h e r i c a l  s u r f a c e  on w h ic h  t h e  ray  i s  i n c i d e n t ,  
i i s  t h e  a c u t e  a n g l e  w h ich  t h e  r a y  makes w i t h  t he  normal t o  t h e  s u r f a c e  and 
v i s  t h e  s e i s m i c  v e l o c i t y  a t  t h a t  r a d i u s .  The pa ram e te r  p i s  c o n s t a n t  a lo n g  
t h e  r a y  p a t h  and i s  g i v e n  by:
dT
dA
. . . ( 7 . 2 )
where T i s  the  t r a v e l  t im e  o f  t h e  r a y  (assumed t o  have o r i g i n a t e d  a t  a 
s u r f a c e - f o c u s  s o u rc e )  and A i s  t h e  e p i c e n t r a l  d i s t a n c e .  I f  R^ i s  t h e  
r a d i u s  o f  t h e  e a r t h  and d i s  t h e  d e p th  o f  dee p e s t  p e n e t r a t i o n  o f  t h e  r a y ,  
t h e n :
d I
dA
RE - d
. . . ( 7 . 3 )
For  a g i v e n  v e l o c i t y  m ode l ,  e q u a t i o n  ( 7 . 1 )  a l l o w s  us t o  d e t e r m i n e  t h e  
pa ra m e te r  o f  t h e  ra y  w h ic h  bo t tom s  a t  a p a r t i c u l a r  d e p t h .  For  t h e  c o m p u t a t i o n  
o f  t h e  b o t t o m i n g  d e p t h ,  t r a v e l  t i m e  and e p i c e n t r a l  d i s t a n c e ,  v e l o c i t y  as a 
f u n c t i o n  o f  d e p t h  has t o  be known f r om  t h e  s u r f a c e  t o  t h e  t u r n i n g  p o i n t  o f
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t h e  ra y .  In g e n e r a l ,  t he  v e l o c i t y  i s  t a b u l a t e d  as a f u n c t i o n  o f  dep th  a t  
d i s c r e t e  de p th  i n t e r v a l s  and an i n t e r p o l a t i o n  i s  c a r r i e d  o u t  assuming t h a t  
t h e  v e l o c i t y  w i t h i n  t he  l a y e r s  v a r i e s  a c c o r d i n g  t o  Bu11e n 1s power law :
v = a. r b . . .  ( 7 . 4 )
For  a g i v e n  v e l o c i t y  d i s t r i b u t i o n  the  dep th  o f  deepes t  p e n e t r a t i o n  o f  a 
r a y ,  w i t h  a g i v e n  ray  pa ram e te r  p ,  can be u n i q u e l y  d e te r m in e d  u s in g  
e q u a t i o n s  ( 7 - 3 )  and ( 7 - * 0 .
The p ro c e d u r e  used to  d e te r m in e  th e  v e l o c i t y  s t r u c t u r e  in  t h e  
i n t e r i o r  o f  t he  e a r t h  r e q u i r e s  a p -  A c u r v e  o v e r  t h e  e n t i r e  range o f  A 
and i n v o l v e s  s o l v i n g  th e  W i e c h e r t - H e r g l o t z  i n t e g r a l  ( B u l l e n ,  1963 ) :
A1
In ( r 0 / r | )  = O A O  [ Cosh  ^ ( p / p  j ) . dA . . . ( 7 - 5 )
•*0
where r = mean r a d i u s  o f  t he  e a r t h ,  
o
Pj = ray  pa ra m e te r  f o r  th e  ray t h a t  p e n e t r a t e s  t o  a d e p th
r -  r .  and reaches  th e  s u r f a c e  a t  d i s t a n c e  A, f rom  
o 1 1
th e  s o u rc e .
I f  p i s  g i v e n  as a f u n c t i o n  o f  A f r om  A = 0 t o  A = A^ , t he  r a d i u s  o f
c u r v a t u r e  o f  t h e  e a r t h  a t  t h e  deepes t  p o i n t  o f  t h e  ray  i s  computed u s in g
e q u a t i o n  ( 7 - 5 ) .  The v e l o c i t y  a t  t h i s  p o i n t  i s  th en  d e te r m in e d  u s in g
e q u a t i o n  ( 7 - 1 ) .  When s low ness  measurements a r e  a v a i l a b l e  o n l y  in a d i s t a n c e
range A 1 t o  A ^ ( A 1 < A ^ ) and n o t  in t he  e n t i r e  range 0 -  A ^ , a v e l o c i t y
d i s t r i b u t i o n  i s  r e q u i r e d  t o  c a l c u l a t e  t he  c o n t r i b u t i o n s  o f  t h e  ray  pa th s  
between de p th s  0 and d ‘ , where d 1 is  t he  de p th  o f  t h e  t u r n i n g  p o i n t  f o r  the  
ray  w h ich  emerges a t  a d i s t a n c e  A'  . Us ing t h i s  p r o c e d u r e ,  w h ic h  i s  c a l l e d  
" s t r i p p i n g  th e  e a r t h "  t o  a d e p th  d '  , t h e  v e l o c i t y  d i s t r i b u t i o n  i s  computed 
f o r  the deeper  l a y e r s .  I f  t he  s e i s m i c  v e l o c i t y  i n c r e a s e s  w i t h  i n c r e a s i n g
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d e p t h ,  t h i s  procedure  p rov ides  a unique s o l u t i o n  for  a given p - A curve .
If  the  v e l o c i t y  d e c r ea s e s  wi th  i nc r e a s i ng  d e p t h ,  d v / d r  should be 
n u me r i ca l l y  l e s s  than v / r  f o r  t h i s  t echn ique  to be used s u c c e s s f u l l y  
(Macelwane,  1936).  In the  case  of  a l o w - ve l o c i t y  zone ( i . e .  when v e l o c i t y  
d e c r e a s e s  wi th i nc r e a s i n g  d e p t h ) ,  t he  method can s t i l l  be used i f  the  region 
of  v e l o c i t y  d e c r e a s e  is narrow ( e f f e c t i v e l y  the  t r a n s i t i o n  i s  a d i s c o n t i n u i t y )  
so t h a t  the  e a r t h  can be s t r i p p e d  down to the  depth  o f  the  d i s c o n t i n u i t y .
An a l t e r n a t i v e  approach ,  which d e a l s  more e f f e c t i v e l y  wi th  the  
problem of  l o w - ve l o c i t y  zones ,  was i n t roduced by Gerver  and Markushevich 
(1966) .  Thei r  method assumes t h a t  t he  e p i c e n t r a l  d i s t a n c e  i s  known for  
a l l  v a l ue s  of  t he  ray parameter .  The depth d(p)  of  the  t u r n i ng  po i n t  f o r  
a ray of  parameter  p is computed by e v a l u a t i n g  the  i n t e g r a l s :
(p )
S A(g) .dq
p (q2 - p 2 )
. . . ( 7 . 6  a)
1/2
dy . . . ( 7 . 6  b)
Then d (p) = <j> (p) + if;(p)
Here y'  and y a r e  the dep t hs  to t he  top and bot tom r e s p e c t i v e l y  of  the
K K
t hLVZ and p^ is  the  va l ue  of  the  ray parameter  a t  which the  k LVZ produces
the  shadow zone.  Thi s  p roces s  a l lows  a d i r e c t  i nve r s i on  of  t he  p - A
da t a  in t he  p r esence  of  one or  more LVZs. However,  the  exac t  dep t h  of  an LVZ 
can be de termined on ly  i f  t r a v e l  t ime da t a  from sources  l o c a t ed  in r eg ions  
below as  well  as above the LVZ a r e  a v a i l a b l e .  Though the  v e l o c i t y  s t r u c t u r e  
in the  LVZ cannot  be de termined unambiguously (except  in an ideal  c a s e  when
the LVZ is e f f e c t i v e l y  a d i s c o n t i n u i t y  wi th a normal behaviour  of  v e l o c i t y
wi t h i n  the  LVZ (dv /dr  < v / r )  and sources  a r e  l oc a t ed  wi t h i n  t he  LVZ) the
^ (p)
fy 'k
. -1 tan
- 2 ,  x 2u (y) • Pk
2 2
Y p k - p
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v e l o c i t y  s t r u c t u r e  be low t h e  LVZ can be d e te r m in e d  r e l a t i v e l y  a c c u r a t e l y  
i f  d a t a  f rom sou rces  l o c a t e d  be low and above t h e  LVZ a r e  a v a i l a b l e .  In th e  
absence o f  th e s e  d a ta  a n o n -u n iq u e n e s s  in t h e  v e l o c i t y - d e p t h  (V -  D) 
r e l a t i o n s h i p  i s  i n t r o d u c e d  a t  a l l  de p th s  be low t h e  f i r s t  LVZ. I t  has been 
f o u n d ,  how ever ,  (McMechan and W i g g i n s ,  1972 ) ,  t h a t  a l a r g e  p r o p o r t i o n  o f  
t h i s  n o n - u n iq u e n e s s  i s  l i m i t e d  t o  the  r e g i o n  i m m e d i a t e l y  be low th e  LVZ, 
p r o v i d e d  a l l  r e l e v a n t  da ta  p e r t a i n i n g  t o  t he  r e g i o n  a t  t he  bo t tom  o f  t he  
LVZ a r e  a v a i l a b l e .  For i n s t a n c e ,  i f  t h e  d i r e c t  and r e t r o g r a d e  branches  
produced by t h e  v e l o c i t y  i n c r e a s e  a t  t h e  bo t tom  o f  t he  LVZ can be d e t e r m in e d  
in  th e  e n t i r e  d i s t a n c e  range (wh ich  may be p o s s i b l e  u s in g  a r r a y s ) ,  so t h a t  
a c o n t i n u o u s  c u r v e  can be drawn t o  a p p r o x i m a t e  t h e s e  b ra n c h e s ,  then  t h e  
p -  A v a l u e s  o b t a i n e d  by d i f f e r e n t i a t i n g  t h e  c o n t i n u o u s  t r a v e l  t im e  c u r v e  
w i l l  ena b le  t he  d e t e r m i n a t i o n  o f  v e l o c i t y  s t r u c t u r e  be low th e  LVZ w i t h  
minimum n o n - u n iq u e n e s s .  T h i s  p o i n t  w i l l  be f u r t h e r  i l l u s t r a t e d  when 
i n v e r s i o n  l i m i t s  on WRA d a ta  a r e  c o n s id e r e d  l a t e r  in  t h i s  c h a p t e r .
P l a c i n g  a l i m i t  on t h e  minimum v e l o c i t y  t h a t  can o c c u r  in the  
LVZ, Bessonova e t  a l . (1970)  de te rm in e d  th e  upper  and lo w er  l i m i t s  on th e  
d e p th  ( o f  t h e  t o p  and bo t tom )  o f  t he  LVZ. McMechan and W ig g in s  (1972)  
i n t r o d u c e d  a method o f  e x t r e m a l  i n v e r s i o n  t o  d e t e r m i n e  e x t re m a l  d e p t h  l i m i t s  
f o r  g i v e n  v e l o c i t i e s  by t a k i n g  i n t o  a c c o u n t  t h e  measurement  e r r o r s  and 
i n c o m p le te n e s s  o f  t h e  d a t a .  T h i s  method l o c a t e s  in  th e  p -  A p la n e  two 
pa th s  o f  i n t e g r a t i o n  w h ic h  p roduce  e x t re m a l  d e p t h s  f o r  a p a r t i c u l a r  v a l u e  
o f  p,  w i t h  t h e  c o n s t r a i n t  t h a t  t h e  computed t r a v e l  t im e s  a r e  w i t h i n  t he  
obs-ervat  iona 1 l i m i t s .  A p -  A env e lop e  i s  t hus  i n v e r t e d  t o  o b t a i n  a V -  D 
e n v e lo p e .  L a t e r ,  Bessonova e t  a 1. (1974)  i n t r o d u c e d  a more e l a b o r a t e  
t e c h n i q u e  in w h ic h  th e y  e s t i m a t e d  th e  f u n c t i o n :
t ( p) = T (p )  -  p . A ( p )  . . .  ( 7 . 7 )
f o r  a g i v e n  v a l u e  o f  p. They used a p r o p e r t y  o f  t h i s  f u n c t i o n  a c c o r d i n g  t o
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which,  f o r  a given branch of  the t r a v e l  t ime c u r ve ,  x(p)  is  an extremum 
of  the  f un c t i on  t ( A , p ) ,  where:
t ( A , p) = T(A,p) - p (A) . A . . . ( 7 . 8 )
In a t (A, p)  -  A p l o t  the  maximum v a l ue  o f  t (A, p )  is  a s s o c i a t e d  wi th  the  
d i r e c t  branch whereas the minimum va l ue  g i v e s  the  e s t i m a t e  o f  i ( p )  f o r  the  
r e t r o g r a d e  branch.  Thi s  method known as  the  "TAU-method" makes two 
fundamental  as sumpt i ons :
(1) t he  absence of  h e t e r o g e n e i t i e s  in t h e  e a r t h ;  and
(2) a minimum va l ue  fo r  t he  v e l o c i t y  in t he  LVZ.
These a s sumpt i ons ,  though they a r e  v a l i d  fo r  da t a  ob t a i ned  from r e f r a c t i o n  
p r o f i l e s  over  s ho r t  d i s t a n c e  r anges ,  pose d i f f i c u l t i e s  in appl y ing  the  
method to  s lowness  da t a  over  extended d i s t a n c e  r anges .  S i g n i f i c a n t  d e p a r t u r e s  
a r e  produced by s t r u c t u r e s  under  t he  sources  ( t he  occu r r enc e  o f  an ea r t hquake  
impl i e s  the  e x i s t e n c e  o f  anomalous f e a t u r e s  in t h e  source  r eg ion)  and l a t e r a l  
inhomogene i t i es  in t he  t r a n s mi s s i o n  pa t h .  Large e r r o r s  in t he  measured 
s lownesses  a t  e p i c e n t r a l  d i s t a n c e s ,  where two or  more t r a v e l  t ime branches  
a r r i v e  wi t h i n  a s ho r t  i n t e r va l  o f  t i me ,  a r e  not  u n l i k e l y .  The s i g n a 1 - t o - n o i s e  
r a t i o s  fo r  d i f f e r e n t  even t s  a r e  a l s o  not  the  same, f i r s t l y  because  t h e r e  a r e  
d i f f e r e n c e s  in t h e i r  source  magni tudes  and,  secondly  because of v a r i a t i o n s  
in t he  ampl i t udes  of  d i f f e r e n t  a r r i v a l s  due to  t h e i r  p o s i t i o n s  in the  T - A 
p l a ne .  The va ry i ng  SNRs r e s u l t  in d i f f e r e n t  measurement  u n c e r t a i n t i e s  f o r  
d i f f e r e n t  a r r i v a l s .  The n a t u r e  of  t h e se  u n c e r t a i n t i e s  is such t h a t  i t  is  not  
p o s s i b l e  to e s t i m a t e  them when a p - A curve  is  being c o n s t r u c t e d .  Under 
t h e s e  c i r c ums t anc es  the  p o s s i b i l i t y  of  t h e  "TAU-method" producing a r e l i a b l e  
p - A curve is remote.  As Kennet t  (1976) p o i n t s  o u t ,  t he  approach of  
McMechan and Wiggins (1972) is  not  e n t i r e l y  s a t i s f a c t o r y  (and p a r t i c u l a r l y  
in t h i s  case)  because the  cho i ce  of p - A bounds remains  s u b j e c t i v e .  A 
scheme,  which has been p r e f e r r ed  h e r e ,  f o r  o b t a i n i n g  a v e l o c i t y  model is  to
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c o n s t r u c t  an e m p i r i c a l  p -  A c u r v e  wh ich can p roduce  t h e  obse rved  f e a t u r e s  
o f  t h e  d a ta  (see S e c t i o n  7 - 2 .1  b e lo w ) .  The u n iq u e n e s s  o f  t h e  p -  A c u r v e  
may then be examined in  t h e  l i g h t  o f  t he  o b s e r v a t i o n s .  In t h e  f o l l o w i n g  
s e c t i o n s  the  c o n s t r u c t i o n  o f  the  p -  A c u r v e  i s  d e s c r i b e d  and th e  l i m i t s  
w h ic h  can be p laced  on i t ,  examined.
7-2  p -  A AND T -  A DATA.
The s low ness  v a l u e s ,  w h ich  have been used t o  d e t e r m i n e  and 
v e r i f y  t h e  e x i s t e n c e  o f  v a r i o u s  t r a v e l  t im e  b ranches  (C h a p te rs  A -  6) , a r e  
p l o t t e d  in  F i g u r e  A . 2 (C hap te r  A) on a T -  A p l o t .  The same s lowness  d a ta  
a r e  p l o t t e d  in  F i g u r e  7-1 (a -  d)  on a p -  A p l o t .  In t h i s  f i g u r e ,  s l o w ­
nesses f o r  w h ic h  maxima were observed  in t he  TAP (C hap te r  3) computed e v e r y  
h a l f  second i n t e r v a l  ( o v e r  w h ich  a measurement was made) ,  a r e  p l o t t e d  f o r  
30 -seconds  i n t e r v a l  b e g i n n i n g  f r om  the  o n s e t  o f  each e v e n t .  Because i t  i s  
n o t  c o n v e n i e n t  t o  super im pose  t h e  a m p l i t u d e s  o f  t h e  measured phases on t h i s  
p l o t ,  t he  d a ta  a r e  p r e s e n te d  u s in g  f o u r  d i f f e r e n t  s e t s .  In F i g u r e  7-1 (a)
a l l  s lo w nesses  f o r  w h ic h  maxima were observed  a r e  p l o t t e d .  In F i g u r e  
7-1 (b) a minimum t h r e s h o l d  has been used so t h a t  maxima f o r  w h ich  t h e  N1
r o o t  TAP is  l e s s  than  5% o f  t h e  l a r g e s t  TAP v a l u e  w i t h i n  th e  obse rved  
i n t e r v a l  a re  e x c lu d e d .  In F i g u r e  7-1 (c) and (d) t h i s  t h r e s h o l d  has been
r a i s e d  t o  10% and 15% r e s p e c t i v e l y .  Because o f  t h e  n o n - l i n e a r  n a t u r e  
t  h
o f  t he  N r o o t  p roc es s  and t h e  d i f f e r e n c e s  in  t h e  m agn i tude s  o f  d i f f e r e n t  
e v e n t s  i t  i s  n o t  p o s s i b l e  t o  t r a n s l a t e  these  r a t i o s  i n t o  a c t u a l  a m p l i t u d e s .  
I n t r o d u c t i o n  o f  t h e  t h r e s h o l d  improves the  p -  A p l o t s  in t h e  sense t h a t  
t h e y  become l e s s  complex but  t h e r e  is  no way t o  remove f ro m  th e  p l o t  o n l y  th o s e  
p o i n t s  w h ich  a r e  produced by th e  i n t e r f e r i n g  e f f e c t s  between v a r i o u s  t r a v e l  
t i m e  b ra n c h e s .  C o n s i d e r i n g  t h e  n a t u r e  o f  t h e  p -  A d a t a  i t  i s  c l e a r  t h a t  
t he  “ TAU-method"  is  n o t  l i k e l y  t o  produce the  d e s i r e d  r e s u l t s .  F u r t h e r m o r e ,  
i t  i s  no t  p o s s i b l e  t o  c o n s t r u c t  an enve lope  t o  e n a b le  a m e a n in g fu l  e x t r e m a l  
i n v e r s i o n  o t h e r  than  s u b j e c t i v e l y .  To reduce  th e  e f f e c t s  o f  i n c l u d i n g  da ta
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w h ic h  a r e  i n a c c u r a t e  and u n c e r t a i n ,  and to  a v o id  l a r g e  gaps w h ic h  wou ld  be 
i n t r o d u c e d  i f  o n l y  t h o s e  p a r t s  o f  t h e  da ta  where a c c u r a t e  measurements a r e  
a v a i l a b l e  were used ,  a t r a v e l  t i m e  c u r v e  has been c o n s t r u c t e d  w h ich  
e x h i b i t s  th e  f e a t u r e s  o f  t h e  o b s e r v a t i o n s  d e s c r i b e d  in S e c t i o n  7 - 2 . 1 .  The 
t r a v e l  t im e  c u r v e  so c o n s t r u c t e d  w i l l  g i v e  t h e  v e l o c i t y  d i s t r i b u t i o n  
needed t o  p roduce  t h e s e  f e a t u r e s .  The method o f  e x t r e m a l  i n v e r s i o n  may 
then  be used t o  d e t e r m i n e  t h e  n o n - u n iq u e n e s s  p r e s e n t  in  t h e  model because 
o f  t he  e r r o r s  and u n c e r t a i n t i e s  in  t h e  o b s e r v a t i o n s .  The p -  A v a l u e s  
o b t a i n e d  by d i f f e r e n t i a t i n g  t h e  t r a v e l  t im e  c u r v e  may then  be used t o  s t u d y  
the  n o n - u n iq u e n e s s  in d i f f e r e n t  p a r t s  o f  t h e  model more o b j e c t i v e l y .
7 . 2 . 1  CONSTRUCTING THE TRAVEL TIME CURVE.
The s lo w ness  a n a l y s i s  in  Chap te rs  k  t h r o u g h  6 has shown t h a t ,  on the  
b a s i s  o f  t he  s lo w ness  and t r a v e l  t im e  d a ta  f o r  f i r s t  and l a t e r  a r r i v a l s ,  
t he  d i s t a n c e  range  14° -  46° can be d i v i d e d  i n t o  seven segments so t h a t  a t  
t h e  b e g i n n i n g  o f  each segment a new phase becomes a f i r s t  a r r i v a l .  These 
new a r r i v a l s  bo t tom  in l a y e r s  w i t h  inc re a s e d  P-wave v e l o c i t y  and become 
f i r s t  a r r i v a l s  by s u p e r s e d in g  t h o s e  wh ich  t r a v e l  t h r o u g h  and bo t tom  in 
h i g h e r  l a y e r s  c h a r a c t e r i s e d  by s m a l l e r  v e l o c i t i e s .  I t  w i l l  be c o n v e n i e n t  t o  
r e c a p i t u l a t e  t h e  main f e a t u r e s  o f  t he  d a t a .  S t a r t i n g  a t  a d i s t a n c e  near  15° ,  
t h e  f i r s t  a r r i v a l  (B b ra n c h )  has a mean s lowness  o f  abou t  12 s / d e g .  On th e  
b a s i s  o f  th e  Ord R i v e r  model (S impson,  1973) i t  i s  assumed t h a t  t he  B b ranch  
becomes a f i r s t  a r r i v a l  a t  a d i s t a n c e  near  12° .  The B b ranch  bo t tom s  in  a 
l a y e r  w i t h  a d i s c o n t i n u o u s  o r  r a p i d  v e l o c i t y  i n c r e a s e  a t  a d e p th  near  175  km. 
The A b ra n c h ,  w h ic h  i s  a f i r s t  a r r i v a l  a t  d i s t a n c e s  l e s s  than  12 ° ,  e x te n d s  
t o  a d i s t a n c e  o f  a b o u t  18° ,  where i t  p r o b a b l y  ends .  The a m p l i t u d e s  on t h i s  
b ranch  d e c r e a s e  g r a d u a l l y  to w a rds  the  end p o i n t ,  and i t  has been d i f f i c u l t  
t o  d e t e r m i n e  i t s  a c t u a l  t e r m i n a t i o n .  The a m p l i t u d e s  on th e  B b ranch  a r e  
r e l a t i v e l y  s m a l l e r  t h r o u g h o u t  and t h e y  de c re a s e  r a p i d l y  as t h e  d i s t a n c e  i s  
in c re a s e d  beyond 17°-  The o n s e t s  o f  most e v e n t s  beyond 17° a r e  v e r y  smal l
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up to  a d i s t a n c e  o f  19-5°-  On the  bas is  o f  the small  am p l i tud e s  on the  B 
b ranch ,  the  la rge  am p l i tude  f i r s t  a r r i v a l  between 19-5° -  20 .5°  is  
a t t r i b u t e d  to  a reg ion  o f  sharp v e l o c i t y  in c rease  a t  the  bot tom o f  an LVZ.
The s lowness o f  the f i r s t  a r r i v a l  in t h i s  d i s t a n c e  range is  about  11.2 s /deg.  
A l a t e r  a r r i v a l  branch (C1, Chapter 6) is  i d e n t i f i e d  w i t h  the  r e t r o g r a d e  
branch produced by the LVZ. The C‘ branch has been c l e a r l y  i d e n t i f i e d  to  
d i s ta n c e s  as f a r  as 32°.  Beyond t h i s  d i s t a n c e  the  c o m p le x i t y  o f  the  t ra c e s  
does not  a l l o w  a c l e a r  i d e n t i f i c a t i o n  o f  t h i s  branch but  the  data show t h a t  
i t  may extend to  l a r g e r  d i s t a n c e s .  Beyond 20.5°  the  f i r s t  a r r i v a l  has a 
mean s lowness o f  about  10.35 s/deg (D b ranch ) .  T h is  a r r i v a l  is  a s soc ia ted  
w i t h  the kOO km d i s c o n t i n u i t y .  The D branch remains the  f i r s t  a r r i v a l  branch 
ou t  t o  2A° , where i t  is  superseded by the  E branch ,  which has a slowness 
o f  about  9-2 s/deg and has been produced by the  650 km v e l o c i t y  inc rease .
At  a d i s t a n c e  near 25° the D branch,  which extends as a l a t e r  a r r i v a l  to  
d is t a n c e s  as f a r  as 30° ,  is  superseded by ano the r phase D1 which has a 
s lowness between 9-6 and 10 s /deg .  The D1 phase,  which has never been 
i d e n t i f i e d  as a f i r s t  a r r i v a l ,  is  assoc ia ted  w i t h  the  v e l o c i t y  inc rease  near 
520 km dep th .  The E branch is  crossed by the F branch (produced by a sharp 
v e l o c i t y  in c rease  a t  a dep th  below 700 km), which has a s lowness o f  about  
8 .9  s/deg a t  about  29 -5 ° .  At  a d is ta n c e  near 39° the G branch (8 .5  s/deg) 
becomes the  f i r s t  a r r i v a l .  T h is  branch is  produced by a re g ion  o f  ra p id  
o r  d i s c o n t in u o u s  v e l o c i t y  inc rease  at  a depth near 900 km. The G branch 
remains a f i r s t  a r r i v a l  up to  about  4 2 .5 ° ,  where i t  is  superseded by the  H 
branch (8 s /deg) which remains the f i r s t  a r r i v a l  a t  l e a s t  up to  50° .  The H 
branch i s  produced by a ra p id  o r  d is c o n t in u o u s  v e l o c i t y  in c rease  a t  a depth  
near 1050 km. The t r a v e l  t ime branches which have been ment ioned a re  those 
in d i c a te d  by the  decrease in slowness o f  the  f i r s t  a r r i v a l  w i t h  i n c re a s in g  
d i s t a n c e  (except  the  D1 b ranch ) .  The e x i s t e n c e  o f  a d d i t i o n a l  branches which 
do no t  become f i r s t  a r r i v a l s  is  not  prec luded by the  d a ta ,  in v iew o f  the 
c o m p le x i t y  in the  codas o f  the even ts ,  p a r t i c u l a r l y  in the  d i s t a n c e  ranges
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19° “  23° and 26° -  30 ° .  A l s o  because o f  th e  e x t r a  c o m p l e x i t y  o f  th e  coda 
in  d i f f e r e n t  d i s t a n c e  ran g e s ,  and a g rad u a l  d e c r e a s e  in a m p l i t u d e  on most 
t r i p l i c a t i o n  b r a n c h e s ,  i t  has n o t  been p o s s i b l e  t o  e s t a b l i s h  t h a t  th e  t r i p ­
l i c a t i o n s  do n o t  ex te n d  t o  d i s t a n c e s  beyond w h ich  t h e y  have been o b s e r v e d .
To c o n s t r u c t  a t r a v e l  t im e  c u r v e  w h ic h  e x h i b i t s  t h e  m a jo r  f e a t u r e s  
o f  t he  o b s e r v a t i o n s  and t o  d e t e r m in e  th e  d e p th s  o f  t h e  i n d i c a t e d  d i s c o n t i n u ­
i t i e s ,  a s t a r t i n g  model i s  t a k e n ,  w h ich  is  b e l i e v e d  t o  be a p p r o x i m a t e l y  
v a l i d  f o r  t h e  uppe r  l a y e r s .  As men t ioned  e a r l i e r ,  t h e  Ord R i v e r  model 
(S impson ,  1973) produces  t r a v e l  t im e  branches  in  c o n f o r m i t y  w i t h  t h e  observed  
A and B b r a n c h e s .  A t r a v e l  t im e  c u r v e  i s  computed f o r  t h i s  model u s in g  t h e  
r e l a t i o n s  ( B u l l e n ,  1963) :
A12 2
r l - 1 , 2  2v “ 1/2
p . r  (n "  P ) <
r l 2 - 1 2  2
T = 2 I 1 r / r  V  -  P2 ) dr
. . . ( 7 . 9 )
. . . ( 7 . 10)
where n = r / v  and ancl r e Pr e s e n t > r e s p e c t i v e l y ,  th e  c o n t r i b u t i o n s
t o  t h e  e p i c e n t r a l  d i s t a n c e  and t r a v e l  t im e  f o r  a segment o f  a ray  o f  
pa ram e te r  p between r  = r^ and r = r ^ ( r ^  < r ^ ) , r  be in g  th e  r a d i u s  o f  t he  
e a r t h .  The method used t o  e v a l u a t e  th ese  e x p r e s s i o n s  has been based on 
t h a t  o f  Engdahl  e t  a l . ( 1 9 6 8 ) .  The computed t r a v e l  t im e  c u r v e  i s  examined in 
t he  s m a l l e s t  d i s t a n c e  range (14° -  19°) o f  th e  a v a i l a b l e  o b s e r v a t i o n s .  The 
s t a r t i n g  model i s  then a l t e r e d  in  t h e  c o r r e s p o n d i n g  l a y e r s  t o  a c h i e v e  an 
agreemen t  between t h e  computed c u r v e  and t h e  obse rved  d a t a .  Once an 
ag reem en t ,  w h ic h  i s  based o n l y  on a q u a l i t a t i v e  c o m p a r i s o n ,  i s  o b t a i n e d  in 
t he  p r e s e l e c t e d  d i s t a n c e  range ,  a s i m i l a r  p r o c e d u r e  i s  adop ted t o  d e t e r m i n e  
th e  v e l o c i t y  in t h e  deeper  l a y e r s  t o  produce the  t r a v e l  t i m e  c u r v e  in o t h e r  
d i s t a n c e  r a n g e s .  The v e l o c i t y  model ,  t h e  p -  A c u r v e  and t h e  t r a v e l  t im e  
c u r v e  w h ic h  has been d e r i v e d  to  a p p r o x im a t e  t he  obse rved  d a ta  a r e  shown in
172
Figure  1 . 2 . The v e l o c i t y  model i s  l i s t e d  in Table  7-1-  WRA beams of  
F igure  6 .3  superimposed over t he  t r a v e l  t ime curve  wi th  some ad j u s t men t s  in 
t he  a r r i v a l  t imes a r e  shown in F igure  7-3-
The t r a v e l  t ime curve  f i t s  t he  observed  t imes  well  f o r  e p i c e n t r a l  
d i s t a n c e s  beyond 25°.  Large d i s c r e p a n c i e s ,  however,  e x i s t  a t  d i s t a n c e s  
l e s s  than 20°.  A maximum of  5-5 seconds  d i f f e r e n c e  e x i s t s  between the  
t imes of  Figure  6.3 and 7-3 a t  a d i s t a n c e  near  16°. Pa r t  of  t he  d i s c r ep a n c y  
is  accounted f o r  in Figure  7 - 4 ,  where WRA r e s i d u a l s  from the  l e a s t  squares  
t r a v e l  curve (Sec t i on  4 . 1 ,  Chapter  4) a r e  p l o t t e d .  Thi s  f i g u r e  i l l u s t r a t e s  
t h a t  WRA t imes a r e  too e a r l y  compared t o  t hos e  determined by the  l e a s t  
squa res  cu r ve ,  which f i t s  well  for  d i s t a n c e s  beyond 23°.  Thi s  is  p robably  
because  the  average  v e l o c i t i e s  in the  upper  mant l e  benea th  the A u s t r a l i a n  
c o n t i n e n t  a r e  h ighe r  than average  (Hales e t  al  ., 1975) .  A c e r t a i n  amount 
of  t he  d i s c r ep a nc y  a t  l a r g e r  d i s t a n c e s  is caused by the  f a c t  t h a t  t he  rays  
t r a v e l  a mixed path compr i s ing d i f f e r e n t  l e n g t h s  of  ocea n i c  and c o n t i n e n t a l  
upper mant le  pa t hs  f o r  even t s  a t  d i f f e r e n t  d i s t a n c e  r anges .  Because se i smi c  
v e l o c i t i e s  in t he  upper mant l e  benea th  t he  oceans  a r e  lower than t h o s e  
benea th  the c o n t i n e n t s  (Kanamori ,  1970; Dzeiwonski , 1971; Jo r d a n ,  1975; 
Dzeiwonski e t  a l . , 1 9 7 5 ) ,  t he  average  a r r i v a l  t imes  a r e  l a t e r  f o r  even t s  
whose rays  t r a v e l  a l a r g e r  o cea n i c  and a sma l l e r  c o n t i n e n t a l  pa th .  The 
t r a v e l  t ime model of  Figure  1. 2  t h e r e f o r e  r e p r e s e n t s  on ly  an average  model.
As was poin t ed  ou t  in Chapter  6 , t h e r e  a r e  a l s o  i n a c c u r a c i e s  in t h e  extended 
e p i c e n t r a l  d i s t a n c e s  caused by i n a c c u r a t e  dep t h  c o r r e c t i o n s  a t  d i s t a n c e s  l e s s  
than 18°. There is  a l s o  a p o s s i b i l i t y  of  g r o s s  m i s l o c a t i o n s  fo r  t h e  Banda 
Sea even t s  (Gutenberg and R i c h t e r ,  1954).  To keep F i gures  7-3  and 6.3 
c o n s i s t e n t  wi th  each o t h e r ,  no a l t e r a t i o n  has been made in the  l a t e r a l  
p o s i t i o n  o f  the  t r a c e s .  Because t he  p r e s en t  d a t a  is  by no means adequa t e  
to  i n v e s t i g a t e  in g r e a t e r  d e t a i l  t h e  causes  and amount of  t he  t r a v e l  t ime 
anomal i e s ,  some a d j us t me n t s  in the  t r a v e l  t imes  have been made on t h e  b a s i s  
o f  t he  measured s lownesses  o f  the  f i r s t  a r r i v a l s .
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TABLE 7.1 VELOCITY MODEL OF FIGURE 7.2
17*4
V e l o c i t y Depth V e l o c i t y Depth
(km/s) (km) ( km/s) (km)
6.2000 0 9.2500 450
6.2000 20 9.6700 470
6.5000 39 9.6900 480
8.1000 39 9.7000 520
8.1000 85 9.7800 530
8.2450 85 9.8200 540
8,2527 95 9.8600 550
8.2660 100 • 9.8900 560
8.2774 105 9.9100 570
8.2928 110 9.9300 580
8.3082 120 9.9500 590
8 . 3 2 3 6 130 9.9700 600
8.3390 140 9.9800 610
8.3544 150 9.9900 620
8 . 3 6 9 8 160 10.0000 630
8 . 3 7 5 9 170 10.0100 640
8 . 3 8 3 0 175 10.6500 640
8.6900 175 10.6500 750
8.7000 210 10.9500
0LT
V
8.5000 320 10.9500 920
8.5000 330 1 1.2000 920
9.1800
000cr
\ 11.2000 1065
9.1800 440 11.5000 1065
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7 . 3  NON-UNIQUENESS OF THE MODEL.
Once the t r a v e l  t ime curve is constru cted  in the manner descr ibed  
above,  a v e l o c i t y  model which can produce the t r a v e l  t ime curve is 
determ in ed .  However, the da ta  to which t h i s  t r a v e l  t ime curve is an 
appro x im at io n  a re  f i n i t e  and in a c c u r a te ,  so t h a t  a se t  o f  v e l o c i t y  models 
which s a t i s f y  the data can be o b ta in e d .  T h e r e fo r e  the d er iv ed  model cannot  
be regarded as unique.  I f  ac c u ra te  observa t io n s  in the e n t i r e  range o f  
p (equat io n  7 -6  a) a r e  a v a i l a b l e ,  and no LVZ is p r e s e n t ,  the v e l o c i t y  
s t r u c t u r e  determined using these observa t io ns  would be unique.  Because the  
o b serva t io n s  in a g iven d is ta n c e  range 0 -  A^  a re  a v a i l a b l e  o n ly  f o r  a f i n i t e  
number of  p o i n t s ,  t h e r e  e x i s t s  a m u l t i t u d e  o f  v e l o c i t y  models in th e  depth  
range 0 -  d^  t h a t  produce t r a v e l  t ime curves conforming to the o b s e r v a t i o n s ,  
d^  being the bottoming depth f o r  the ray which emerges a t  a d is t a n c e  .
For each o f  these models,  given an accu ra te  set  of  o b s e rv a t io n s  in the  
d is t a n c e  range A^  -  A^ (A  ^ < A^ ,) , there  is a v e l o c i t y  model which s a t i s f i e s  
the o b serva t io n s  in the d is ta n c e  range Aj -  A^, so t h a t  t h e r e  a r e  many 
v e l o c i t y  models which s a t i s f y  the observa t io ns  in t h i s  d is t a n c e  range.  
T h e r e f o r e ,  the v e l o c i t y  -  depth ( V -  D) r e l a t i o n s h i p  in the depth range  
dj -  d^ is not  unique,  though the data in the corresponding  e p i c e n t r a l  
d is ta n c e  range is complete and a c c u r a te .  Th is  type o f  non-uniqueness in the  
v e l o c i t y  model ( l e t  us c a l l  i t  TYPE l )  always remains,  i r r e s p e c t i v e  of  
how a c c u r a t e l y  the data in the d is ta n c e  range A^  -  A  ^ a re  known, unless an 
idea l  data se t  e x i s t s  f o r  the d is ta n c e  range 0 -  Aj . A l t e r n a t i v e l y ,  i f  the  
V -  D curve in the upper la ye rs  is not unique,  t h i s  non-uniqueness is 
t r a n s m i t t e d  to  the deeper l a y e r s .  The second type o f  non-uniqueness (TYPE l l )  
in the depth range d^  -  d^ is caused by the  e r r o r s  in and incompleteness of  
the data  f o r  rays which t r a v e r s e  these l a y e r s .  F ig u re  7 -5  a shows a p -  A 
curve f o r  a v e l o c i t y  model w i th  no LVZ. The curve is assumed to  be 
a c c u r a t e l y  known f o r  p va lu es  g r e a t e r  than 12.5 s/deg a t  steps o f  0 .0 5  s/deg. 
Beyond 12.5 s/deg the da ta  a re  assumed to be known o n ly  a t  the e n d -p o in ts  of
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t he  forward and r e t r o g r a d e  b ranches .  In the  l a t t e r  da t a  measurement  e r r o r s
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and o b s e r v a t i o n a l  u n c e r t a i n i t i es  a r e  a l so  a l l owed .  These a r e  shown by 
broken l i n e s  in t he  p -  A diagram.  On the  r i g h t  hand s i d e  o f  t h i s  f i g u r e  
i s  shown t he  V - D envelope (broken curves )  ob t a i ne d  by us ing  t he  ext remal  
i n v e r s i o n  method.  The s o l i d  curve  in t h i s  f i g u r e  r e p r e s e n t s  an average  
model (McMechan and Wiggins,  1972).  I t  is ap p a r en t  from t h i s  f i g u r e  t h a t  
the  f i n i t e  width o f  the  V - D envelope  has been produced by the  inaccuracy  
and incomple t eness  of  the  d a t a  f o r  rays  which t r a v e l  deeper  than 175 km.
Now a l a r g e r  u n c e r t a i n t y  i s  i n t roduced a t  the  po i n t  P, where the  forward 
branch bot toming a t  dep t hs  between 175 and 300 km ends (and the  c o r r e spond i ng  
r e t r o g r a d e  branch be g i ns ) .  Keeping t he  r e s t  o f  the  d a t a  i d e n t i c a l  to  t h a t  
of  Figure  7-5 a t he  p - A and V - D envelopes  a r e  shown in F igure  7-5 b.
The i n c r e a s e  in t he  width of  the  V - D envelope a t  dep t hs  down to 1250 km 
has a p p a r e n t l y  been caused by the  a d d i t i o n a l  u n c e r t a i n t y  a t  the  po i n t  P.
I t  is t h e r e f o r e  ne c e s s a r y  to  a s s e s s  t he se  two t ypes  of  non-un iqueness  when 
c o n s id e r i n g  the  uniqueness  of  t he  model.  A t h i r d  t ype  of  non-un iqueness  
i s  one which is  caused by the  p resence  of  an LVZ. Thi s  non-uniqueness  
is  of a l o c a l i s e d  n a t u r e  in t he  sense  t h a t  t he  v e l o c i t y  in the  LVZ cannot  
be de t ermined un i que l y  except  in an ideal  case  (see Sec t ion  7 - 1 ) .  I t  i s ,  
however l i m i t ed  to  t he  LVZ and t h e  reg ion  immediately below. As d e s c r i be d  
in Sec t ion  7-2 ,  t h e  t r av e l  t ime curve  is only an approx imat i on  to  the  
o b s e r v a t i o n s .  For i n s t a n c e ,  no n ega t i ve  v e l o c i t y  g r a d i e n t s  have been 
in t roduced t o  a l l ow t he  e x t e n s i o n s  of  the  E and F branches  to l a r g e  e p i c e n t r a l  
d i s t a n c e s .  Th i s  i s  because t h e r e  is more than one way o f  ach i ev i ng  t h e s e  
e x t e n s i o n s .  A s u i t a b l e  method of  examining t h e  i m p l i c a t i o n s  of  t h e  o b s e r v ­
a t i o n s  in d i f f e r e n t  d i s t a n c e  ranges  and e s t i m a t i n g  the  u n i que nes s ,  as was 
d i s c u s s e d  in Sec t i on  7*1,  may be based on the  ext remal  i n ve r s i on  method.
In o rde r  to  examine the uniqueness  of  the v e l o c i t y  model t he  f a c t o r s  in the  
o b s e r v a t i o n a l  d a t a  r e s p o n s i b l e  f o r  i t  a r e  d e a l t  wi th  i n d i v i d u a l l y .
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7 - 3 . 1  MEASUREMENT ERRORS IN THE ESTIMATES OF p -  A, T -  A CURVES.
Suppose th e  p - v a l u e s  w h ich  a r e  o b t a i n e d  by d i f f e r e n t i a t i n g  t h e  
t r a v e l  t im e  c u r v e  a r e  a v a i l a b l e  in t he  e n t i r e  d i s t a n c e  range a t  i n t e r v a l s  
o f  p as sm a l l  as d e s i r e d .  I f  t h e r e  a r e  no i n a c c u r a c i e s  in  t h e  p -  A 
and T -  A d a t a ,  t h e  v e l o c i t y  s t r u c t u r e  can be d e te r m in e d  u n i q u e l y  eve ryw here  
e x c e p t  in t h e  LVZ, and a l i m i t e d  r e g i o n  im m e d ia t e l y  be low ,  p r o v id e d  t h e  jump 
in t h e  t r a v e l  t im e  i n t e r c e p t  " t "  caused by t h e  LVZ i s  d e t e r m in e d  a c c u r a t e l y .  
F i g u r e  7 -8  shows an i n v e r s i o n  model o f  t h e  t r a v e l  t i m e  c u r v e  o f  F i g u r e  7 . 2 .  
The p -  A c u r v e  was c o n s t r u c t e d  by v a r y i n g  p in s t e p s  o f  0 .0 5  s /deg  and 
c o m p u t in g  t h e  c o r r e s p o n d i n g  As u s in g  t h e  v e l o c i t y  model o f  F i g u r e  7 - 2 .
The i n v e r t e d  model has been averaged ov e r  0 .2  s /d e g  i n t e r v a l s  o f  p. Now t h e  
f i r s t  cause  o f  i n a c c u r a c y ,  u n c e r t a i n t y  in  t h e  s o u rc e  l o c a t i o n ,  i s  i n t r o d u c e d .  
To a l l o w  f o r  t h i s  e r r o r  in  t h e  p -  A c u r v e  an u n c e r t a i n t y  o f  ± 1° i s  i n t r o ­
duced f o r  a l l  p -  A p a i r s  f o r  w h ich  p i s  l e s s  th a n  12 .5  s / d e g .  A measurement  
e r r o r  in t r a v e l  t im e s  o f  ± 1 second has a l s o  been i n t r o d u c e d  t o  a l l o w  f o r  
t h e  u n c e r t a i n t y  in t r a v e l  t i m e s .  In d o in g  so i t  has been assumed t h a t  t h e  
v e l o c i t y  s t r u c t u r e ,  and hence t h e  p -  A d a t a ,  i s  known a c c u r a t e l y  above the  
LVZ. ( I t  has been shown by Johnson and G i l b e r t  (1972)  t h a t  u n c e r t a i n t i e s  
in  t h e  p v a l u e s  p roduce  o n l y  s e c o n d - o r d e r  e f f e c t s  in  t ( p) ) .  The i n a c c u r a c i e s  
make the  p -  A e n v e lo p e  r e l a t i v e l y  w i d e r  near  t h o s e  v a l u e s  o f  p w h ich  
c o r r e s p o n d  t o  th e  c r i t i c a l  a n g le s  a t  t h e  b o u n d a r ie s  o f  t h e  d i s c o n t i n u i t i e s  
and p roduce  r e l a t i v e l y  l a r g e r  u n c e r t a i n t i e s  in t h e  d e p th s  o f  t h e  d i s c o n t i n ­
u i t i e s .  A l l  o t h e r  p a r t s  o f  t h e  v e l o c i t y  d e p th  c u r v e  a r e  a f f e c t e d  a lm o s t  
u n i f o r m l y  ( F i g u r e  7 - 7 ) .
7 - 3 . 2  INCOMPLETE DATA.
I t  is  n o t  p o s s i b l e  t o  make a c c u r a t e  measurements in  a l l  d i s t a n c e  
r a n g e s ,  e i t h e r  because da ta  a r e  n o t  a v a i l a b l e  ev e ry w h e re  o r  t h e y  a r e  o f  
poor  q u a l i t y  in  some p l a c e s .  F i r s t  suppose t h a t  t h e  u n c e r t a i n t i e s  in  t h e  
p -  A and T -  A d a t a  a r e  o f  th e  same o r d e r  as above but  t h a t  t h e  d a t a  p o i n t s
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a r e  a v a i l a b l e  o n l y  a t  th e  end p o i n t s  o f  t h e  v a r i o u s  b ranches  ( t h e  e x i s t e n c e  
o f  th e  LVZ being  assumed) .  T h i s  a s s u m p t io n  i s  made, because i t  i s  more 
p r o b a b l e  t h a t  measurements a r e  a c c u r a t e  in t h o s e  p a r t s  o f  t h e  T -  A p la n e  
where t h e  t r a v e l  t im e  branches  a re  w e l l  s e p a r a t e d .  F i g u r e  7 -8  shows th e  
p -  A and the  c o r r e s p o n d i n g  V -  D e n v e lo p e  f o r  such d a t a .  As e x p e c t e d ,  
t h e  V -  D d e t e r m i n a t i o n s  in t h i s  f i g u r e  a r e  d i f f e r e n t  f r om  t h o s e  o f  F i g u r e s  
7 . 6  and 7 -7 -  Though th e  w i d t h  o f  th e  V -  D e n v e lo p e  in  F i g u r e  7 -8  i s  no t  
much d i f f e r e n t  f r o m  t h a t  in F i g u r e  7 - 7 ,  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  between 
th e  two V -  D d e t e r m i n a t i o n s  w i t h  r e s p e c t  t o  t h e  d e p th s  o f  t he  d i s c o n t i n u i t i e s .  
T h i s  e f f e c t  r e s u l t s  f r om  t h e  n a t u r e  o f  t h e  i n t e r p o l a t i o n  used t o  c a l c u l a t e  
p - v a l u e s  a t  i n t e r m e d i a t e  d i s t a n c e s  in o r d e r  t o  f i l l  t h e  gaps .  L i n e a r  
i n t e r p o l a t i o n  reduces  th e  c u r v a t u r e  in t h e  p -  A c u r v e  (see F i g u r e s  7*7 
and 7 - 8 )  and p r o v i d e s  c o m p a r a t i v e l y  l a r g e r  e s t i m a t e s  o f  t r a v e l  t im e s  a t  a l l  
d i s t a n c e s .  T h i s  r e s u l t s  in i n c re a s e d  d e p t h  e s t i m a t e s  f o r  a l l  v e l o c i t i e s .
In F i g u r e  7 * 8 ,  f o r  examp le ,  t h e  d e p th  o f  t h e  650 km d i s c o n t i n u i t y  has 
in c r e a s e d  t o  680 km, compared w i t h  6^0 km in  F i g u r e  7 - 7 *  F i n e r  d e t a i l s  o f  
t h e  p -  A c u r v e ,  t h e r e f o r e ,  become more i m p o r t a n t  in d e t e r m i n i n g  t h e  d e p th s  
o f  t h e  d i s c o n t i n u i t i e s  a c c u r a t e l y .
7 . 3 . 3  OBSERVATIONAL UNCERTAINTIES.
On t h e  b a s i s  o f  t h e  a rgum en t  p r e s e n te d  in  Chap te r  6 i t  has been 
assumed t h a t  a l o w - v e l o c i t y  zone between 21 0 and 330 km d e p th s  e x i s t s .  However ,  
i t  has been p o s s i b l e  t o  d e t e r m i n e  n e i t h e r  t h e  e p i c e n t r a l  d i s t a n c e  a t  w h ich  
th e  shadow zone b e g in s  no r  t h e  b e g i n n i n g  o f  t h e  c o r r e s p o n d i n g  r e t r o g r a d e  
b ranch  (C1) produced by th e  LVZ. Though t h i s  b ranch  has been i d e n t i f i e d  up 
t o  a d i s t a n c e  o f  3 2 ° ,  i t s  e x t e n s i o n  t o  l a r g e r  d i s t a n c e s  i s  n o t  ru l ed o u t  
(see th e  s lo w ness  d a t a  in F i g u r e s  7-1 a -  7 .1  d ) .  Assuming t h a t  t h e  r e s t  o f  
th e  o b s e r v a t i o n s  a r e  s i m i l a r  t o  t h o s e  o f  F i g u r e  7 . 8 ,  t h e  e f f e c t  o f  t h i s  
u n c e r t a i n t y  i s  i l l u s t r a t e d  in F i g u r e  7 - 9 .  The w i d t h s  o f  t h e  V -  D enve lo p e s  
in  F i g u r e s  7 - 9  and 7*5 b (a model w i t h  no LVZ) a r e  v e r y  s i m i l a r ,  as a r e  t he
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depths of the discontinuities. These figures show that the non-uniqueness 
at greater depths is the same, irrespective of the presence or absence of 
an LVZ. The main factor that causes the non-uniqueness in the model is, 
therefore, the uncertainty in the extensions of the triplication branches.
It should be emphasized, however, that if the LVZ is ignored where it 
exists (or conversely if an LVZ is assumed where none is present) calcu­
lations of the velocity structure at, and the depths of, the discontinuities 
will be inaccurate, though the error will decrease with increasing depth. 
Assuming that the presence of the LVZ has been interpreted correctly, the 
next observational uncertainty is due to the extensions of the E and F 
branches (Chapter 5). As will be discussed in Chapter 8, it has not been 
possible to determine whether these extensions are due to the triplication 
branches or are produced by the underside reflections, so the end points of 
the branches are not accurately known. Some uncertainty in the backward 
extensions of these branches also exists. Taking into account these 
uncertainties, together with those in the beginning of the shadow zone and 
in the appearance of the retrograde branch produced by the LVZ, the p - A 
and corresponding V - D envelope are shown in Figure 7*10. Because the 
p - A curve of Figure 7*10 is based on the observational data only (except 
for the LVZ) the uncertainties described by this figure might be considered 
representative of those associated with the velocity model that satisfies 
the WRA data.
7.A DEPTHS OF THE DISCONTINUITIES.
Assuming that p - A data and the corresponding velocity model of 
Figure 7.7 represent the observed data adequately and that the errors in the 
data are also of the same order, the process of extremal inversion allows 
the determination of the depth of various discontinuities. As shown in 
Figure 7*7» these are 330 ± 15 km, 460 ± 22 km, 520 ± 25 km, 640 ± 22 km,
750 ± 24 km, 920 ± 28 km and 1065 ± 30 km. These are almost the best
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e s t i m a t e s  t h a t  can be o b t a i n e d  i f  a c c u r a t e  measurements c o r r e s p o n d i n g  
t o  t h e  end p o i n t s  o f  t h e  t r a v e l  t i m e  b ranches  a r e  assumed.  However ,  a 
l a r g e  amount o f  u n c e r t a i n t y  e x i s t s  in t h e  d a ta  r e g a r d i n g  t h e  l o c a t i o n  
o f  t h e  end p o i n t s .  For exam p le ,  t h e  d a ta  p r o v i d e  no e s t i m a t e  o f  t e r m i n a t i o n  
d i s t a n c e s  o f  t he  C and C1 b ranches  (which have been a s s o c i a t e d  w i t h  t h e  
d i r e c t  and r e t r o g r a d e  branches  produced by the  L V Z ) , though  t h e y  have been 
i d e n t i f i e d  t o  d i s t a n c e s  as f a r  as 32° .  The re  i s  no e v id e n c e  in  th e s e  
d a t a  t o  s u p p o r t  o r  deny th e  e x t e n s i o n s  o f  t h e  r e f r a c t i o n  b ranches  E and F 
t o  l a r g e  d i s t a n c e s  (C hap te r  5 ) -  The observed  e n e r g y  w h ich  a r r i v e s  near  
t h e  a r r i v a l  t im e s  o f  t h e s e  b ranches  may be a s s o c i a t e d  w i t h  u n d e r s i d e  
r e f l e c t i o n s  (C hap te r  8 ) .  The u n c e r t a i n t y  caused by t h e s e  f a c t o r s  s i m p l y  
adds t o  t h a t  o f  t h e  d e p th s  t o  th e  v a r i o u s  d i s c o n t i n u i t i e s .  In t h e  l i g h t  
o f  t h e s e  u n c e r t a i n t i e s  t h e s e  d e p t h  e s t i m a t e s  may be r e v i s e d  to  ( F i g u r e  10) 
330 ± 40 km, 460 ± 35 km, 520 ± 45 km, 640 ± 28 km, 750 -  36 km, 920 ± 37 km 
and 1065 ± 44 km. The a m b i g u i t i e s  in  t h e s e  o b s e r v a t i o n s  t h r e r f o r e  
i n c r e a s e  t h e  u n c e r t a i n t i e s  in t h e  de p th s  o f  t h e s e  d i s c o n t i n u i t i e s  by an 
amount w h ic h  i s  o f  t h e  o r d e r  o f ±  15 km. The V -  D e n v e lo p e  o f  F i g u r e  7 -10  
does n o t  p r e c l u d e  t h e  p o s s i b i l i t y  o f  smal l  n e g a t i v e  v e l o c i t y  g r a d i e n t s  (bu t  
no shadow zones )  in  some r e g i o n s  such as those  between t h e  640 and 750 
and t h e  750 and 920 km d e p t h  i n t e r v a l s .
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CHAPTER 8 
DISCUSSION
8.1 INTRODUCTION.
A P-wave v e l o c i t y  model o b t a i n e d  on t h e  b a s i s  o f  t h e  measured 
s low nes s es  and t r a v e l  t im e s  o f  f i r s t  and l a t e r  a r r i v a l s  was d i s c u s s e d  in 
C h a p te r  7 .  The e v id e n c e  p re s e n te d  in  C h a p te rs  k t h r o u g h  6 shows t h a t  t he  
ob s e rv e d  changes in t h e  measured s low nesses  o f  t h e  f i r s t  a r r i v a l s  a t  v a r i o u s  
e p i c e n t r a l  d i s t a n c e s  in  th e  range 14° -  A6° a r e  a s s o c i a t e d  w i t h  t h e  appea rance 
o f  new b ranches  in t he  t r a v e l  t im e  c u r v e  as f i r s t  a r r i v a l s .  The new b r a n c h e s ,  
w h i c h  a re  produced by r e g i o n s  o f  h ig h  v e l o c i t y  g r a d i e n t  in  t h e  uppe r  m a n t l e  
and t r a n s i t i o n  zone ,  i n d i c a t e  t h a t  t h e r e  a r e  s e v e r a l  r e g i o n s  in t he  m a n t l e  
where th e  P-wave v e l o c i t y  i n c r e a s e s  d i s c o n t i n u o u s 1y o r  r a p i d l y .  Between th e s e  
r e g i o n s  o f  h ig h  v e l o c i t y  g r a d i e n t  a r e  r e g i o n s  where t h e  v e l o c i t y  g r a d i e n t s  a r e  
r e l a t i v e l y  s m a l l .  Very  low v e l o c i t y  g r a d i e n t s ,  w h e re v e r  p r e s e n t ,  cause  l a t e r  
a r r i v a l  b ranches  t o  ex tend  t o  l a r g e  d i s t a n c e s  on t h e  one hand and p roduce  
sm a l l  a m p l i t u d e  a r r i v a l s  on th e s e  branches  on t h e  o t h e r .  Because o f  t h i s  
l a t t e r  e f f e c t  i t  becomes d i f f i c u l t  t o  d e t e r m i n e  t h e  end p o i n t s  o f  t h e  b ranches  
e x a c t l y .  The u n c e r t a i n t y  in t h e  e x t e n s i o n s  o f  t h e  t r a v e l  t im e  b ranches  i s  a 
m a j o r  cause o f  u n c e r t a i n t y  in  t h e  d e p th s  o f  t h e  c o r r e s p o n d i n g  t r a n s i t i o n s .  As 
m en t ioned  in  C hap te rs  6 and 7 ,  t h e  d a t a ,  t hough  th e y  a r e  s u g g e s t i v e  o f  an 
LVZ a t  a d e p t h  o f  abou t  210 km, do n o t  p ro v e  i t s  e x i s t e n c e .  The c h o i c e  o f  an 
LVZ ( d e f i n e d  as a r e g i o n  where d v / d r  > v / r )  in  t h e  model i s  t h e r e f o r e  based on 
a p r e f e r e n c e .  However ,  i r r e s p e c t i v e  o f  w h e t h e r  t h e  v e l o c i t y  g r a d i e n t  between 
210 and 330 km d e p th s  i s  t h a t  o f  an LVZ o r  c l o s e  t o  i t ,  t h e  d a ta  show t h a t
I
s e i s m i c  a r r i v a l s  nea r  20° d i s t a n c e  c a n n o t  be e x p l a i n e d  in  te rm s  o f  a s i n g l e  
v e l o c i t y  i n c r e a s e  a t  a d e p th  near  ^00 km. The d i r e c t  and r e t r o g r a d e  b ranches  
(C and C ,  C hap te rs  6 and 7) r e q u i r e  a v e l o c i t y  i n c r e a s e  a t  a de p th  near  330 km 
d e p t h  (based on th e  a s s u m p t io n  o f  an LVZ -  i f  t h e  LVZ were absen t  t h e  de p th
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would be d i f f e r e n t ) .  T h i s  d e p th  i s  the  bo t tom  o f  t h e  LVZ, i f  i t  e x i s t s .
The C and C1 b ranches  have been i d e n t i f i e d  up to  d i s t a n c e s  as f a r  as 32° .
T he re  i s  some e v id e n c e  in t h e  da ta  ( F i g u r e  6 . 3 ,  C hap te r  6 and F i g u r e  7 . 1 ,  
C hap te r  7) t h a t  t h e y  may ex te nd  t o  l a r g e r  d i s t a n c e s .  Because o f  anomalous 
v e l o c i t i e s  unde r  t h e  A u s t r a l i a n  c o n t i n e n t  ( c f .  Ha les  et_ aj_., 1975) w h ich  
g i v e  r i s e  t o  e a r l y  t r a v e l  t im e s  a t  WRA in t h e  d i s t a n c e  range 14° -  18° (see 
F i g u r e  7 - ^ ,  C hap te r  7) and th e  u n c e r t a i n t y  in t h e  a c t u a l  p o s i t i o n  o f  the  
t r a v e l  t im e  b ranches  in t he  T -  A p la n e ,  t he  d a ta  do n o t  a l l o w  us t o  
e s t a b l i s h  i f  a m eas u rab le  t r a v e l  t im e  jump o c c u r s  between th e  C 1 b ranch  
and t h e  e x t e n s i o n  o f  t h e  B branch, wh ich  would s u p p o r t  t h e  e x i s t e n c e  o f  an LVZ. 
On t h e  b a s i s  o f  t h e  obse rved  s lo p e s  and e x t e n s i o n s  o f  t h e s e  b ranches  a dec rease  
in  t h e  P-wave v e l o c i t y  o f  abou t  0 . 2  km/s (w h ich  i s  a b o u t  2.3% o f  t h e  v e l o c i t y  
a t  210 km d e p t h )  spread  ov e r  a d e p th  i n t e r v a l  o f  a b o u t  100 km has been assumed. 
C o n s i d e r i n g  t h e  l a r g e  d e p th  o f  t he  v e l o c i t y  d e c re a s e  i t  appea rs  t h a t  
i t  i s  d i f f e r e n t  f r o m  t h e  Gutenberg LVZ, f o r  w h ic h  th e  P-wave v e l o c i t y  
minimum o c c u r s  a t  a d e p th  near  80 km (G u tenbe rg ,  1959 ) .  The d e c r e a s e  in t he  
a m p l i t u d e  o f  t h e  f i r s t  a r r i v a l  between 15° and 19° w h ic h  has been obse rved  in  
t h e  v a r i o u s  d a t a  s e t s  r e f e r r e d  t o  in Chap te r  6,  and th e  p resence  o f  t h e  C and 
C  branches  in a t  l e a s t  two d i f f e r e n t  a z im u th s  n o r t h  o f  A u s t r a l i a  s u g g e s t  t h a t  
th e  p o s t u l a t e d  LVZ i s  n o t  a r e g i o n a l  phenomenon.
8 . 2  VELOCITY GRADIENTS BETWEEN 210 AND 330 KM.
In a homogenous e a r t h ,  s e i s m ic  v e l o c i t y  g e n e r a l l y  i n c r e a s e s  w i t h  
i n c r e a s i n g  p r e s s u r e  and dec reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  A t  a c r i t i c a l  
t e m p e r a t u r e  g r a d i e n t  t h e s e  e f f e c t s  c a n c e l ,  and v e l o c i t y  becomes c o n s t a n t  w i t h  
d e p t h .  For  a d e c re a s e  in v e l o c i t y  w i t h  i n c r e a s i n g  d e p t h ,  t h e r e f o r e ,  s u p e r ­
c r i t i c a l  t e m p e r a t u r e  g r a d i e n t s  a r e  r e q u i r e d  i f  t h e  d e c r e a s e  i s  t o  be e x p l a i n e d  
i n  te rm s  o f  t e m p e r a t u r e  e f f e c t s .  The t e m p e r a t u r e  d i s t r i b u t i o n  in  t he  i n t e r i o r  
o f  t h e  e a r t h  i s  n o t  w e l l  known. Geotherms based on c o n v e c t i v e  and non-  
c o n v e c t i v e  models  o f  t he  m a n t le  g i v e  t e m p e r a t u r e  e s t i m a t e s  w h ic h  d i f f e r  by
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s e v e r a l  hundred degrees  f o r  g i v e n  d e p th s .  For  a n o n ^ c o n v e c t i v e  m a n t l e  
t h e  geo the rm s  f o r  o c e a n i c  and c o n t i n e n t a l  uppe r  m a n t l e s ,  b a s e d  on th e  z e r o  
p r e s s u r e  m e l t i n g  p o i n t  and m e l t i n g  p o i n t  g r a d i e n t  sugges te d  by C l a r k  and 
Ringwood ( 1 9 6 4 ) ,  g i v e  t e m p e r a t u r e s  w h ich  a r e  a lm o s t  e v e ry w he re  above th e  
m e l t i n g  p o i n t  o f  t h e  p y r o l i t e  upper  m a n t le  ( S t a c e y ,  1969) .  These 
c a l c u l a t i o n s ,  however ,  depend a g r e a t  deal  on th e  a s s u m p t io n s  w h ich  lead 
t o  t h e  d e t e r m i n a t i o n s  o f  t he  the rm a l  c o n d u c t i v i t y .  Because t h e r e  i s  
s u f f i c i e n t  e v id e n c e  t h a t  t h e  m a n t le  i s  s o l i d  e x c e p t  in l i m i t e d  p a r t i a l  
m e l t  r e g i o n s ,  t h e  n o n - c o n v e c t i v e  model was d i s r e g a r d e d .  The a d i a b a t i c  
g r a d i e n t  a t  s h a l l o w  de p th s  is  v e r y  s m a l l .  For ex am p le ,  a t  a d e p th  near  
30 km i t  i s  o n l y  abou t  0 . 1 5 ° / k m .  Because t h i s  i s  much le s s  than the 
t e m p e r a t u r e  g r a d i e n t  deduced f rom observed  s u r f a c e  h e a t  f l o w ,  i t  i s  
g e n e r a l l y  ag reed  t h a t  t h e  te m p e r a t u r e  g r a d i e n t  in t h e  uppermos t  uppe r  
m a n t l e  must be s u p e r a d i a b a t i c  and o f  t h e  o r d e r  o f  10° /km ( K a u l a ,  1968) .  
C r i t i c a l  th e rm a l  g r a d i e n t s  w h ich  c o u ld  p roduce a d e c re a s e  in s e i s m i c  
v e l o c i t y  have been e s t i m a t e d  f rom u l t r a s o n i c  d a ta  by L iebermann and 
S c h r e i b e r  ( 1 9 6 9 ) .  The e s t i m a t e s  f o r  o l i v i n e ,  p y rox ene  and g a r n e t  a r e  
7 ° / k m ,  9 - 5 ° / k m  and 8 . 2 ° / k m  f o r  low t e m p e r a tu r e s  and p r e s s u r e s .  B i r c h  (1969)  
has e s t i m a t e d  c r i t i c a l  t e m p e r a t u r e  g r a d i e n t s  f o r  o l i v i n e  (among o t h e r  
m i n e r a l s ) .  H is  e s t i m a t e s  f o r  c o m p r e s s io n a 1 v e l o c i t y  a r e  6 . 3 ° / k m  and 4 . 0 ° / k m  
a t  300°K and 1500°K r e s p e c t i v e l y .  B i r c h  a l s o  has made th e  p o i n t  t h a t  th ese  
c r i t i c a l  g r a d i e n t s  a r e  comparab le  in  m agn i tu de  t o  geo the rm a l  g r a d i e n t s  in 
t h e  upper  m a n t l e .  A p p l y i n g  th e s e  v a lu e s  t o  t h e  LVZ in  th e  l i t h o s p h e r e  as 
p o s t u l a t e d  by Gu tenberg (1959)  he found t e m p e r a t u r e s  w h i c h ,  though  be low 
th e  m e l t i n g  p o i n t  o f  f o r s t e r i t e ,  were above the  p y r o l i t e  s o l i d u s  a t  60 km 
d e p t h .  Because o f  the  l a r g e  a b s o l u t e  t e m p e r a t u r e s  r e q u i r e d ,  how eve r ,  B i r c h  
d i d  n o t  c o n s i d e r  t h a t  in c re a s e d  te m p e r a t u r e  c o u l d  be a cause  o f  a v e l o c i t y  
d e c re a s e  a t  t h i s  d e p t h .  C o n s i d e r i n g  the  smal l  amount o f  v e l o c i t y  de c re a s e  
(ab o u t  2 % )  in t h e  deep LVZ p o s t u l a t e d  h e r e ,  w h ic h  would n o t  be a s s o c i a t e d
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w i t h  such l a r g e  t e m p e r a t u r e s  in  t h e  LVZ, and t h e  u n c e r t a i n t y  in  t he  
p y r o l i t e  m e l t i n g  c u r v e  a t  those  d e p t h s ,  t e m p e r a t u r e  e f f e c t s  may n o t  be 
e n t i r e l y  e x c l u d e d .
The o t h e r  causes w h ich  have been c o n s i d e r e d  t o  e x p l a i n  n e g a t i v e  
v e l o c i t y  g r a d i e n t s  in th e  upper  m a n t l e  i n c l u d e  phase changes ,  changes in 
t h e  chem ic a l  c o m p o s i t i o n  and p a r t i a l  m e l t i n g .  I f  t he  d e c re a s e  in 
v e l o c i t y  i s  caused by phase changes ,  t he  m i n e r a l o g y  o f  t he  upper  m a n t l e  
a t  t h e  top  o f  t h e  LVZ shou ld  c o n t a i n  m i n e r a l s  w h ic h  show a d e c re a s e  in  
s e i s m i c  v e l o c i t y  w i t h  d e p t h .  In t h e  p y r o l i t e  model (R ingwood,  1975) the  
m i n e r a l  assemblage in the  uppe r  m a n t l e  a t  d e p th s  between 150 and 330 km 
c o m p r i s e s  o l i v i n e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e  and p y r o p e - r i c h  g a r n e t .
Phase t r a n s f o r m a t i o n s  wh ich  can cause such v e l o c i t y  an o m a l ie s  a t  t h i s  
d e p t h  range have n e i t h e r  been d i s c o v e r e d  n o r  p o s t u l a t e d .  Ringwood c o n s i d e r s  
t h a t  such t r a n s f o r m a t i o n s ,  though  u n l i k e l y ,  a r e  n o t  i m p o s s i b l e  (Ringwood,  
p e r s o n a l  c o m m u n i c a t i o n ) .  S t rong  e v id e n c e  f o r  t h e  deep LVZ may in duce  
c l o s e r  e x a m i n a t i o n  o f  t he  p o s s i b i l i t y  o f  such phase changes.
An a l t e r n a t i v e  e x p l a n a t i o n  f o r  a d e c r e a s e  in s e i s m i c  v e l o c i t y  
in  an uppe r  m a n t l e  o f  o l i v i n e  c o m p o s i t i o n  i s  an i n c r e a s e  in th e  i r o n  
c o n t e n t  ( B i r c h ,  1969) .  T h i s  e x p l a n a t i o n  i s  based on the  o b s e r v a t i o n  t h a t  
f a y a l i t e  ( F e ^ S iO ^ ) ,  though dense r  th a n  f o r s t e r i t e  (Mg^S iO ^) ,  has a lower  
s e i s m i c  v e l o c i t y .  The LVZ can thus  be e x p l a i n e d  by p o s t u l a t i n g  an 
i n c r e a s e d  c o n t e n t  o f  f a y a l i t e  r e l a t i v e  t o  f o r s t e r i t e  w i t h  i n c r e a s i n g  
d e p t h .  At  a c e r t a i n  d e p t h ,  when t h e  m i n e r a l o g y  r e t u r n s  t o  n o r m a l ,  t h e  
v e l o c i t y  aga in  i n c r e a s e s  w i t h  d e p t h ,  p r o b a b l y  a t  a f a s t e r  r a t e .  I f  t h i s  
i s  th e  case in t h e  p r e s e n t  c i r c u m s t a n c e s ,  t h e  d e n s i t y  d i s t r i b u t i o n  w i l l  
show a maximum in  t he  dep th  i n t e r v a l  between 210 and 330 km. B i r c h  
(1969)  has been a b l e  t o  p roduce  numbers w h ic h  c o u l d  a c c o u n t  f o r  an LVZ 
between 90 and 140 km. Ringwood p o i n t s  o u t  t h a t  a change in i r o n  c o n t e n t  
w i t h  d e p t h ,  though  n o t  p r e c l u d e d ,  was n o t  r e q u i r e d  in  o r d e r  t o  a c h i e v e
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c o n s i s t e n c y  between phase changes and t h e  accom pany ing d e n s i t y  changes 
in p y r o l i t e  m a n t l e  when adequa te  a l l o w a n c e  i s  made f o r  v a r i o u s  sou rces  
o f  u n c e r t a i n t i e s  w h ich  a r e  i n v o l v e d  in  t h e  d a t a  (R ingwood,  1975, Chap te r  
14 ) .  He a l s o  p o i n t s  o u t  t h a t  a most r e c e n t  s e i s m i c  e q u a t i o n  o f  
s t a t e  (Anderson and J o r d a n ,  1970) does n o t  r e q u i r e  an in c re a s e d  c o n t e n t  
o f  i r o n  w i t h  d e p t h .  A l s o  in v ie w  o f  c o n v e c t i o n  in  t h e  m a n t l e  and 
o b s e r v a t i o n  o f  a u n i f o r m  Mg/Fe r a t i o  in k i m b e r l i t e  i n t r u s i o n s  an 
i n c r e a s e  in i r o n  c o n t e n t  w i t h  d e p th  i s  n o t  f a v o u r e d .
A p l a u s i b l e  e x p l a n a t i o n  f o r  t he  v e l o c i t y  d e c re a s e  may be 
p r o v i d e d  in te rm s  o f  p a r t i a l  m e l t i n g  (A nde rs on ,  1970 ) .  A c c o r d i n g  t o  A nde rs on ,  
and Anderson and Sammis ( 1 9 7 0 ) ,  a sm a l l  amount o f  m e l t  r e s u l t s  in a 
c o n s i d e r a b l e  d e c re a s e  in s e i s m i c  v e l o c i t y .  The e x i s t e n c e  o f  a p a r t i a l  
m e l t  in  t h e  upper  m a n t l e  r e q u i r e s  t e m p e r a t u r e  g r a d i e n t s  c l o s e  t o  th o s e  
o f  th e  m e l t i n g  p o i n t  g r a d i e n t .  These a u t h o r s  i n d i c a t e  t h a t  a sm a l l  amount 
o f  w a t e r  i s  r e q u i r e d  t o  be p r e s e n t  f o r  a p a r t i a l  m e l t  t o  o c c u r  in t h e  
uppe r  m a n t l e .  Exam in ing p a r t i a l  m e l t i n g  as th e  cause o f  v e l o c i t y  d e c re a s e  
in  t h e  Gutenbe rg LVZ, B i r c h  (19&9) i n f e r r e d  t h a t  a 6% m o l te n  f r a c t i o n  
was needed t o  e x p l a i n  t h e  r e q u i r e d  v e l o c i t y  d e c r e a s e .  A s i m i l a r  s u g g e s t i o n  
had been made e a r l i e r  by Hales and Doy le ( 1 9 6 7 ) ,  who sugges te d  on t h e  b a s i s  
o f  a com pa r ison  o f  P and S s t a t i o n  a n o m a l ie s  t h a t  one o f  t h e  m a n t l e  
c o n s t i t u e n t s  may be in  a c o n d i t i o n  o f  p a r t i a l  m e l t .  Because o f  a l a r g e  
d i f f e r e n c e  in dep th  f o r  t h e  minima o f  P and S v e l o c i t i e s  (80 km and 150 km 
r e s p e c t i v e l y )  f o r  th e  LVZ in G u t e n b e r g ' s  m o d e l ,  B i r c h  d id  n o t  a c c e p t  p a r t i a l  
m e l t i n g  as a s u i t a b l e  cause f o r  t h e  o bs e rv ed  v e l o c i t y  d e c r e a s e .  The deep 
LVZ f o r  P-waves sugges te d  he re  has n o t  been r e p o r t e d  e a r l i e r .  However ,  an LVZ 
a t  s i m i l a r  d e p th s  has been sugges te d  f o r  S waves (Dorman et_ , I 9 6 0 ;  Brune 
and Dorman, 1963; W ickens ,  1971) .  I t  i s  t h e r e f o r e  q u i t e  p r o b a b l e  t h a t  
t h e  v e l o c i t y  d e c r e a s e  f o r  t h e  P and S waves o c c u r s  a t  t he  same d e p t h  and 
p a r t i a l  m e l t i n g  would  o f f e r  a s u i t a b l e  e x p l a n a t i o n .  F u r t h e r  s t u d i e s  a r e  
r e q u i r e d  t o  d e t e r m i n e  the  d e p th s  o f  t he  top  and b o t to m  o f  t h e  LVZ s e p a r a t e l y
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for  P and S waves.
The l a rg e  v e l o c i t y  i nc r e a s e  (about  0 . 6  km/s) which occur s  a t  
de p t hs  near  330 km may be a t t r i b u t e d  (at  l e a s t  p a r t l y )  t o  the p o s s i b i l i t y  
t h a t  c o n d i t i o n s  r e s p o n s i b l e  fo r  t he  abnormal P - T ( p r e s s u re  - t empera t u r e )  
behaviour  of  the  v e l o c i t y  in t he  LVZ r e t u r n  t o  normal a t  t h i s  dep t h .  At 
p r e s s u r e s  of  about  100 k b , g a r ne t  d i s s o l v e s  pyroxene ,  r e s u l t i n g  in a 10% 
d e n s i t y  i nc r e a s e  f o r  the  pyroxene component of  p y r o l i t e  (Ringwood, 1967).  
Ringwood sugges ted  t h a t  i f  the  dP/dT of  the  py r oxene - ga r ne t  t r an s f o r ma t i o n  
is s i m i l a r  to  most s o l i d - s o l i d  phase t r a n s i t i o n s  (about  20 ba r s / °C)  the  
t r a n s i t i o n  might  occur  a t  dep t h s  near  330 km (Ringwood, 1975)- The s e i smi c  
P-wave v e l o c i t y  i nc rease  produced by t h i s  t r a n s i t i o n ,  which i s  expected 
in t h e  p y r o l i t e  model ,  i s  about  0 . 3  km/s.  E a r l i e r  models (for example,
Masse et_ aj_. , 1972;  Simpson et_ aj_., 197*0 show a s i m i l a r  v e l o c i t y  i nc r e a s e  
a t  t h i s  d ep t h ,  but  in t h i s  s tudy the  v e l o c i t y  i n c re a s e  i s  h i g h e r .  However,  
t he  e x t r a  v e l o c i t y  i n c r e a s e  may be accounted f o r  by the d i s a p p e a r an c e  
of  the  c o n d i t i o n s  r e s p o n s i b l e  fo r  producing t h e  LVZ. The i n t e r p r e t a t i o n  
of  the  v e l o c i t y  i n c r e a s e  a t  t h i s  de p t h ,  t h e r e f o r e ,  depends a g r e a t  deal  
on the e x i s t e n c e  o f ,  and the  e x p l a n a t i on  provided f o r ,  t he  LVZ.
8 . 3  THE 400 KM DISCONTINUITY.
From t h e  fo r ego i ng  d i s c u s s i o n ,  i t  can be seen t h a t  the  v e l o c i t y  
s t r u c t u r e  above 330 km depth  in t he  p r e s en t  model is  g e n e r a l l y  in 
agreement  wi th  the  p y r o l i t e  model (except  t h a t  the  behaviour  i s  not  well  
known in t he  LVZ). The next  v e l o c i t y  i n c r e a s e  (0.5 km/s) sugges ted  by 
t h e  s e i smi c  model de r ived  here  occur s  a t  a depth  near  450 km. I t  has 
been v e r i f i e d  through model l i ng t h a t  no model in which the  v e l o c i t y  i n c r e a s e  
occur s  a t  a dept h  much smal l e r  than 450 km s a t i s f i e d  the  d a t a .  The v e l o c i t y  
g r a d i e n t s  below and above the r eg ion  of  t h e  v e l o c i t y  i n c r e a s e ,  which 
occur s  over  a depth i n t e r va l  of  20 t o  30 km, a r e  q u i t e  s ma l l ,  though 
p o s i t i v e .  The phase t r a n s i t i o n  in the  p y r o l i t e  model which cor r esponds  to
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t h i s  v e l o c i t y  i n c r e a s e  i s  t h a t  o f  o l i v i n e ,  t h r o u g h  s p i n e l  ( o r  d i r e c t l y  
depend ing  on the  i r o n  c o n t e n t )  t o  a beta phase.  T a k in g  a t e m p e r a t u r e  
g r a d i e n t  o f  30 b a r s / ° C  and a t e m p e r a tu r e  o f  1600°C a t  a de p th  near  400 km 
t h i s  t r a n s i t i o n  has been p r e d i c t e d  t o  o c c u r  ov e r  a 30 km de p th  i n t e r v a l  
c e n t r e d  around 400 km (Ringwood and M a j o r ,  1970 ) .  A l s o  the  p o s s i b i l i t y  o f  a 
f i r s t  o r d e r  d i s c o n t i n u i t y ,  d e p e n d i n g  on th e  i r o n  c o n t e n t , h a s  been i n f e r r e d  
by t h e s e  a u t h o r s .  The v e l o c i t y  i n c r e a s e  w h ich  i s  r e q u i r e d  a t  t h i s  d e p t h  to  
s a t i s f y  t h e  WRA d a ta  i s  in  agreement  w i t h  t h a t  p r e d i c t e d  f o r  t he  o l i v i n e -  
s p i n e l - b e t a  phase t r a n s i t i o n  (0 .43  k m / s ) . The i n c r e a s e d  d e p th  o f  t h e  d i s c o n ­
t i n u i t y  may be a t t r i b u t e d  e i t h e r  t o  a r e l a t i v e l y  h i g h e r  t e m p e r a t u r e  g r a d i e n t  
o r  t o  h i g h e r  t e m p e r a t u r e s  in th e  m a n t l e ,  o r  b o t h .  The s h o r t e r  depth i n t e r v a l  
o f  th e  t r a n s i t i o n  may be a t t r i b u t e d  to  what  Ringwood c a l l s  a p r e f e r e n t i a l  
p a r t i t i o n  o f  i r o n  in c o e x i s t i n g  g a r n e t ,  w h ich  r e s u l t s  in  a reduced Fe/ (Fe+Mg) 
r a t i o  f o r  o l i v i n e .  The in c reased  Mg/(Fe+Mg) r a t i o  a l s o  i n c r e a s e s  th e  d e p th  
o f  t h e  t r a n s i t i o n  by 10 -  20 km. The v e l o c i t y  i n c r e a s e  obse rved  a t  450 km 
dep th  i s ,  t h e r e f o r e ,  c o n s i s t e n t  w i t h  th e  o l i v i n e - s p i n e l - b e t a  phase t r a n s f o r m ­
a t i o n  in p y r o l i t e .  I t  has been sugges ted t h a t  t he  be ta  phase t r a n s f o r m s  aga in  
t o  s p i n e l  a t  g r e a t e r  d e p t h s ,  g i v i n g  r i s e  t o  a f i r s t  o r d e r  d i s c o n t i n u t i y  
(Whitcomb and A n d e rs o n ,  1970; Ringwood, 1975) .  The v e l o c i t y  i n c r e a s e  c o r r e s ­
pond ing  t o  t he  520 km branch  i s  le s s  w e l l  d e t e r m i n e d .  The t o t a l  v e l o c i t y  
i n c r e a s e  between 520 and 650 km i s  abou t  0 .2  k m /s ,  most  o f  w h ic h  may tak e  
p l a c e  in a few te n s  o f  k i l o m e t e r s  near 520 km d e p t h .  The v e l o c i t y  i n c r e a s e  
w h ic h  has been suggested  f o r  t he  be ta p h a s e - s p i n e l  t r a n s f o r m a t i o n  i s  0 .14  km/s.  
I t  i s  a l s o  s ugges te d  t h a t  t h e r e  may be a second t r a n s i t i o n  o c c u r r i n g  a t  abou t  
t h e  same d e p t h ,  in  w h ic h  the  c a l c i u m  component o f  g a r n e t  t r a n s f o r m s  t o  a 
p e r o v s k i t e  s t r u c t u r e ,  g i v i n g  r i s e  t o  an e x t r a  v e l o c i t y  i n c r e a s e  o f  abou t  0.1 
km/s (R ingwood,  1975) .  Though the  observed  v e l o c i t y  i n c r e a s e  i s  o f  t h e  same 
o r d e r  as t h o s e  f o r  the  d e s c r i b e d  t r a n s i t i o n s ,  i t  i s  d i f f i c u l t  t o  say w h e th e r  
one o r  bo th  o f  these  t r a n s i t i o n s  a re  r e q u i r e d  t o  a c c o u n t  f o r  t h e  v e l o c i t y
i n c r e a s e  a t  t h i s  d e p t h .
197
8.4 THE REGION BELOW 600 KM DEPTH.
The next major velocity increase in the derived seismic model 
occurs at a depth near 640 km. This increase has been the feature of many 
travel time and slowness studies. Though there is general agreement on the 
inference that the transition causing the velocity increase is sharp (the 
total velocity increase taking place over a depth interval of a few kilo­
meters), the depth of the velocity increase has varied significantly among 
different studies (for instance, 600 km in the velocity distribution of 
Johnson vs. 680 km in that of Simpson et a 1 .) . The most important differences 
between these studies and the one presented here are a comparatively smaller 
velocity increase and a very low, probably even slightly negative, velocity 
gradient at depths below the discontinuity. Below the discontinuity there 
are at least three regions of P-wave velocity increase, which begin at depths 
near 750 km, 920 km and 1065 km. Strong evidence exists that the velocity 
gradients between 640 - 750 km and 750 - 920 km are very low, causing the 
corresponding travel time branches to extend to very large distances, though 
with much reduced amplitudes.
A number of phase transitions have been expected to occur in 
pyrolite at depths between 600 and 800 km. The (MgjFe^SiO^ spinel structure 
may transform to perovskite and rock salt (Liu, 1976). The pyrope-rich garnet 
and calcium-rich components of garnet may transform to ilmenite and 
perovskite structures respectively. The sodium aluminosilicate 
component of garnet transforms to a calcium ferrite structure. The occurrence 
of all these transformations at exactly the same depth (that of the 650 km 
discontinuity) is not very likely. According to Ringwood, the (Mg,Fe)Si0^ 
transformation, which may occur in a relatively narrow depth range, may cause 
the 650 km discontinuity. The transformations of garnets, which may occur at 
relatively greater depths, may be smeared out much more than the (Mg,Fe)Si0^ 
transformation. The (Mg,Fe)Si0^ transformation is consistent with the 650 km
d i s c o n t i n u i t y ,  b u t  t h e  o b s e r v a t i o n s  do n o t  p r o v i d e  any e v id e n c e  t o  s u p p o r t  a
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' s m e a re d '  750 km d i s c o n t i n u i t y  i f  t h i s  i s  a t t r i b u t e d  t o  t h e  g a r n e t  t r a n s ­
f o r m a t i o n s .  T h i s  may be because th e  s e i s m i c  d a t a  do n o t  p r o v i d e  s u f f i c i e n t  
r e s o l u t i o n .  I t  has been argued ( R i c h a r d s ,  1972) t h a t  i f  t he  upper  m a n t l e  
d i s c o n t i n u i t i e s  a r e  t o  produce  o b s e r v a b l e  u n d e r s i d e  r e f l e c t i o n s  such as t h o s e  
obse rved  as p r e c u r s o r s  t o  PKPPKP (Whi tcomb and A n d e rs o n ,  197 0 ) ,  t h e  v e l o c i t y  
i n c r e a s e  s hou ld  o c c u r  o v e r  a d e p th  i n t e r v a l  as sma l l  as 1 -  b km ( f o r  a 
5% in c r e a s e  in  d e n s i t y  and a 10% in c r e a s e  i n  v e l o c i t y ) .  S ince  th e  e v id e n c e  
f o r  u n d e r s i d e  r e f l e c t i o n s  produced by t h e  750 km d i s c o n t i n u i t y  i s  n o t  
s i g n i f i c a n t  in t h e  d a t a  o f  Whi tcomb and Anderson  ( t hough  some low a m p l i t u d e  
a r r i v a l s  a r e  p r e s e n t  in  t h e i r  da ta  w h i c h  can be i n t e r p r e t e d  in te rms o f  such 
r e f l e c t i o n s ) ,  i t  may be s p e c u la t e d  t h a t  t he  t r a n s i t i o n  near  750 km d e p t h  i s  
n o t  as sha rp  as t h e  650 km d i s c o n t i n u i t y .
Once t h e  above m e n t io n e d  t r a n s f o r m a t i o n s  a r e  c o m p l e t e ,  t he  
p o s s i b i l i t y  o f  f u r t h e r  t r a n s f o r m a t i o n s  a t  g r e a t e r  d e p th s  i s  n o t  r u l e d  o u t ,  
th o u g h  the  e x t e n t  o f  v e l o c i t y  and d e n s i t y  i n c r e a s e s  i s  c o n s t r a i n e d  by the  
v a l u e s  o f  t h e s e  pa ra m e te rs  a t  t h e  base o f  t h e  m a n t l e .  A number o f  p o s s i b l e  
phase t r a n s f o r m a t i o n s  w h ic h  can o c c u r  a t  d e p t h s  g r e a t e r  than  800 km have 
been d e s c r i b e d  by Ringwood (1975 ) .  A l t h o u g h  t h e  n a t u r e  o f  t h e s e  phase 
t r a n s f o r m a t i o n s  i s  n o t  u n d e rs to o d  s u f f i c i e n t l y  t o  a s s o c i a t e  them w i t h  any 
d e g r e e  o f  c e r t a i n t y  w i t h  t h e  v e l o c i t y  d i s c o n t i n u i t i e s  be low  650 km d p e t h ,  
t h e  f a c t  t h a t  some phase t r a n s f o r m a t i o n s  a r e  p r e d i c t e d  t h e r e  s u g g e s ts  t h a t  
t h e y  c o r r e s p o n d  t o  t he  i n f e r r e d  d i s c o n t i n u i t i e s .  A s ea rch  f o r  v e l o c i t y  
d i s c o n t i n u i t i e s  a t  d e p th s  be low  1050 km s h o u ld  a l s o  be made. I t  i s  n o t  
u n l i k e l y  t h a t  t r i p l i c a t i o n s  in t h e  t r a v e l  t i m e  c u r v e  beyond 43° can be 
e s t a b l i s h e d ,  though  w i t h  s t i l l  g r e a t e r  d i f f i c u l t y  th an  t h o s e  i n v e s t i g a t e d  
h e r e .
8 . 5  EXTENSIONS OF THE E AND F BRANCHES.
I t  has been p o i n t e d  o u t  e a r l i e r  t h a t  s e i s m i c  a r r i v a l s  whose
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s low nesses  and t r a v e l  t im es  ag ree  w i t h  t h o s e  o f  E and F branches have 
been observed  o u t  t o  e p i c e n t r a l  d i s t a n c e s  as f a r  as 5 0 ° .  On s i m p l e  ray  
t h e o r y  th ese  b r a n c h e s , w h ic h  become f i r s t  a r r i v a l s  a t  2k° and 2 9 - 5° ,  ca n n o t  
be made t o  ex tend  t o  such l a r g e  d i s t a n c e s  u n l e s s  sm a l l  n e g a t i v e  v e l o c i t y  
g r a d i e n t s  (a v e l o c i t y  dec rease  o f  abou t  0.1 km/s pe r  100 km) a r e  i n t r o d u c e d  
between the d e p th  i n t e r v a l s  640 -  750 and 750 -  920 km. As m ent i oned  
e a r l i e r ,  g r a d i e n t s  o f  t h i s  t y p e  do n o t  p roduce  shadow zo n e s ,  b u t  r e s u l t  in 
dec reased  a m p l i t u d e s  o f  t he  phases w h ic h  b o t tom  w i t h i n  them and r e s u l t  in 
a r r i v a l s  a t  l a r g e  e p i c e n t r a l  d i s t a n c e s .  I f  t h e  obse rved  l a t e r  a r r i v a l s  
a t  such l a r g e  d i s t a n c e s  a re  i n t e r p r e t e d  in  te rms o f  r e f r a c t i o n  b r a n c h e s ,  
t h e y  r a i s e  s e r i o u s  q u e s t i o n s  a b o u t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  in  t h e  
i n t e r i o r  o f  t h e  e a r t h ,  the  t e m p e r a t u r e  and p r e s s u r e  d e r i v a t i v e s  o f  t he  
e l a s t i c  modul i  o f  t he  m a n t l e  a t  t h o s e  d e p t h s ,  and th e  n a t u r e  o f  t h e  phase 
changes w h ich  cause  these  d i s c o n t i n u i t i e s .  The i n c o m p r e s s i b i l i t y  o f  most  
m i n e r a l s  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e  (Anderson  e t  a 1.,  1958) .  However ,  
s u f f i c i e n t  knowledge o f  th e  shear  modulus o f  p r o b a b l e  m a n t l e  c o n s t i t u e n t s  
i s  l a c k i n g ,  p a r t i c u l a r l y  a t  t e m p e r a t u r e s  and p r e s s u r e s  a t  t he  r e l e v a n t  
d e p t h s , a n d  i t  i s  n o t  im p o s s i b l e  t h a t  t h e  o bs e rv ed  e f f e c t  has been caused by 
a dec rease  in t h e  shear  modu lus .  I t  w i l l  be u s e f u l  t o  c a r r y  o u t  s i m i l a r  
i n v e s t i g a t i o n s  u s i n g  S-wave d a t a  t o  examine t h e  b e h a v i o u r  o f  th e  shear  
modulus i n s i d e  th e  m a n t l e .  S u p e r c r i t i c a l  t e m p e r a t u r e  g r a d i e n t s  i n s i d e  the  
e a r t h  a r e  n o t  fa v o u r e d  on the  b a s i s  o f  t h e  e q u i l i b r i u m  o f  t he  m a n t l e  as 
a who le  and th e  t e m p e r a t u r e  g r a d i e n t s  in  t he  m a n t l e ,  w h ic h  a r e  b e l i e v e d  t o  
be much c l o s e r  t o  t he  a d i a b a t i c  t e m p e r a t u r e  g r a d i e n t .  However ,  such a 
p o s s i b i l i t y  may n o t  be c o m p l e t e l y  r u l e d  o u t .
An a l t e r n a t i v e  e x p l a n a t i o n  o f  t he  o bs e rv ed  a r r i v a l s  can be made 
on the  b a s i s  o f  t h e  o c c u r r e n c e  o f  u n d e r s i d e  r e f l e c t i o n s .  U n d e r s id e  r e f l e c t ­
ions  produced by v e l o c i t y  d i s c o n t i n u i t i e s  have been r e p o r t e d  by many a u t h o r s  
( G u te n b e r g ,  I 9 6 0 ;  Adams, 1968; B o l t  e t  a 1 . , 1 9 6 8 ;  Engdahl  and FI i n n ,  1969 a,  
b;  Hysebye and M a d a r ia g a ,  1970 and Whi tcomb and A n d e rs o n ,  1970) .  The u n d e r -
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s i d e  r e f l e c t i o n s  r e p o r t e d  by th ese  a u t h o r s  a r e ,  however ,  a t  sm a l l  a n g le s  o f  
i n c i d e n c e  whereas those  r e q u i r e d  t o  a c c o u n t  f o r  th e  e x t e n s i o n s  o f  t h e  650 km 
and 750 km branch  t r i p l i c a t i o n s  up t o  such l a r g e  d i s t a n c e s  a r e  a t  much l a r g e r  
a n g le s  o f  i n c i d e n c e .  The t r a v e l  t im e  o f  an u n d e r s i d e  r e f l e c t i o n  i s  i 11u s t r a t e d  
in  F i g u r e  8 . 1 .  The u n d e r s i d e  r e f l e c t i o n  b ranc h  must  b e g in  w i t h , - a n d  be 
i d e n t i c a l  w i t h ,  th e  d i r e c t  ( r e f r a c t i o n )  b ranch  when t h e  l a t t e r  e n t e r s  t he  
low e r  l a y e r .  I t s  t r a v e l  t im e  w i t h  r e s p e c t  t o  t h e  d i r e c t  b ranch  beyond 
t h i s  d i s t a n c e  w i l l  depend on t h e  v e l o c i t y  g r a d i e n t  in  t h e  lo w e r  l a y e r .  I f  
b o th  t he  d i r e c t  and th e  u n d e r s i d e  r e f l e c t i o n  b ranches  c o u l d  be s e p a r a t e d ,  
i t  c o u l d  be proved  t h a t  the  observed  e x t e n s i o n s  a r e  n o t  caused by u n d e r s i d e  
r e f l e c t i o n s .  A s o l u t i o n  o f  K n o t t ' s  e q u a t i o n s  (Macelwane,  1936) f o r  t he  
a m p l i t u d e s  o f  th e  r e f l e c t e d  waves g e n e r a t e d  by a wave i n c i d e n t  on an i n t e r ­
f a c e ,  a c r o s s  w h ich  the  v e l o c i t y  d ec reas es  by 5% and t h e  c o r r e s p o n d i n g  
d e n s i t y  and e l a s t i c  m odu l i  s a t i s f y  t h e  B1 model o f  B u l l e n  (1 9 6 3 ) ,  i n d i c a t e s  
t h a t  f o r  sm a l l  a n g le s  o f  emergence the  amount o f  th e  ene rgy  r e f l e c t e d  a t  t he  
i n t e r f a c e  i s  q u i t e  s i g n i f i c a n t  ( F i g u r e  8 . 2 ) .  R i c h a r d s  (1972) has c a l c u l a t e d  
t h e  r a t i o s  o f  t h e  r e f l e c t e d  t o  the  i n c i d e n t  e n e r g i e s  as a f u n c t i o n  o f  th e  
t h i c k n e s s  o f  the  d i s c o n t i n u i t y  f o r  a 16° a n g l e  o f  i n c i d e n c e  t o  i n v e s t i g a t e  the  
i n t e r p r e t a t i o n  o f  t h e  p r e c u r s o r s  t o  PKPPKP in  te rms o f  u n d e r s i d e  r e f l e c t i o n s .  
He c o n c lu d e s  t h a t  th e  d e p th  i n t e r v a l  f o r  t h e  650 km t r a n s i t i o n  sho u ld  be as 
sm a l l  as 4 km i f  t h e  d i s c o n t i n u i t y  i s  t o  p roduce  o b s e r v a b l e  u n d e r s i d e  
r e f l e c t i o n s .  I f  t h e  f o r m u l a e  used by R i c h a r d s  a r e  used f o r  s m a l l e r  a n g le s  
o f  emergence ( l a r g e r  a n g le s  o f  i n c i d e n c e )  t h e  c o n d i t i o n s  on th e  w i d t h s  o f  
t h e  t r a n s i t i o n s  a r e  much l e s s  s t r i n g e n t  ( f o r  exam p le ,  a 40 km w ide  t r a n s i t i o n  
a t  650 km d e p th  would be a b l e  t o  r e f l e c t  t h e  same p r o p o r t i o n  o f  e n e rg y  a t  a 
70° a n g le  o f  i n c i d e n c e  as t h a t  w h ich  wou ld  be produced by a A km w ide  
t r a n s i t i o n  a t  a 16° a n g le  o f  i n c i d e n c e ) .  T h e r e f o r e  u n d e r s i d e  r e f l e c t i o n s  
a t  these  d i s t a n c e s  a re  more l i k e l y  than  t h o s e  obse rved  as t h e  p r e c u r s o r s  t o  
PKPPKP. I t  has n o t  been p o s s i b l e  in t h e s e  d a t a  t o  l o c a t e  a d d i t i o n a l  branches  
i d e n t i f i a b l e  as t h e  u n d e r s i d e  r e f l e c t i o n  b r a n c h e s .  However ,  some o b s e r v a t i o n s
-------- DIRECT BRANCH
-------  REFLECTION BRANCH
------ UNDERSIDE REFLECTIONS
F ig u re  8.1 Diagram i l l u s t r a t i n g  an u nde rs ide  r e f l e c t i o n  and 
the  co r respond ing  t r a v e l  t im e  branches.
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have c o n s i s t e n t l y  shown the  presence o f  an e x t r a  a r r i v a l  (F1 in F ig u res  5.11 
and 5 .1 3 ,  Chapter 5) which might  be accounted f o r  in terms o f  an unders ide  
r e f l e c t i o n  f rom the  750 km branch.  The data  do n o t ,  however,  guarantee 
t h a t  t h i s  is  so. I t  is  p o s s ib le  t h a t  the  smal l  v e l o c i t y  g r a d ie n t s  in the 
depth  i n t e r v a l  640 -  750 km do not  a l l o w  s u f f i c i e n t  s e p a ra t io n  between the  
u nd e rs id e  r e f l e c t i o n  branch and the  d i r e c t  b ranch ,  and t h a t  the  end o f  the 
d i r e c t  branch has no t  been i d e n t i f i e d  in the  d a ta .  The l a t e r  a r r i v a l s ,  which 
have been a t t r i b u t e d  o n ly  p r o v i s i o n a l l y  here to  u nde rs ide  r e f l e c t i o n s  f rom 
the  750-km d i s c o n t i n u i t y ,  may i n d i c a t e ,  on the  o th e r  hand,  t h a t  the  c o n t r a r y  
i s  the  case.  In the  absence o f  s u f f i c i e n t  ev idence  one way o r  the o t h e r ,  
the  p o s s i b i l i t y  o f  unders ide  r e f l e c t i o n s  has no t  taken i n t o  account  in 
d e r i v i n g  the  v e l o c i t y  s t r u c t u r e .
8 .6  CONCLUSIONS.
The main o b j e c t i v e  o f  t h i s  research  has been to  i n v e s t i g a t e  the 
f i n e  s t r u c t u r e  o f  the  t r a v e l  t ime cu rve .  Slowness s t u d ie s  have re v e a le d ,  
f i r s t l y ,  t h a t  the  20° d i s c o n t i n u i t y  i s  more com p l ica ted  than a s i n g l e  
v e l o c i t y  in c rease  near kOO km dep th ,  and se c o n d ly ,  t h a t  th e re  are  reg ions  
o f  r a p id  o r  d i s c o n t in u o u s  v e l o c i t y  in c rease  a t  dep ths  below 650 km. 
T r i p l i c a t i o n s  co r respond ing  to  t h r e e  such re g ion s  have been i d e n t i f i e d  on 
the  bas is  o f  second a r r i v a l s .  Though t h e r e  is  an i n d i c a t i o n  o f  an LVZ in 
terms o f  a decrease in the  am p l i tud e  o f  the  f i r s t  a r r i v a l s  a t  d i s ta n c e s  
g r e a t e r  than 17°,  i t  has not  been p o s s i b l e  t o  prove the e x is t e n c e  o f  the LVZ, 
wh ich has been assumed to  e x i s t .  A reg ion  o f  l a rg e  v e l o c i t y  in c rease  i s ,  
however,  con f i rm ed  t o  begin a t  the  bot tom o f  the re g ion  o f  low v e l o c i t y  
g r a d ie n t s  (210 -  330 km). The co r respond ing  t r i p l i c a t i o n s  has been i d e n t i f i e d  
t o  e p i c e n t r a l  d i s ta n c e s  as f a r  as 32°.  Because o f  a b ias  in apparent  
v e l o c i t i e s  beneath the  A u s t r a l i a n  c o n t i n e n t  and the  small  t r a v e l  t ime jump 
( o f  o rd e r  1 second) im p l ied  by the p o s t u l a te d  LVZ, i t  has no t  been p o s s ib le
t o  c o n f i r m  the  e x is te n c e  o f  t h i s  f e a t u r e .
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On the assumption of an LVZ and the corresponding region of velocity 
increase (at the bottom of the LVZ) near 330 km depth, the data indicate that 
the 1400 km discontinuity1 is close to 460 km depth. On the same assumption, 
the depth of the '650 km discontinuity1 is close to 640 km. The 750 and 920 
km discontinuities, though smaller than the other discontinuities with respect 
to the extent of the velocity increase, produce detectable changes in the 
slownesses of the first arrival and triplications at distances near 29-5° and 
39° respectively. The velocity increase near 1065 km, which has been the 
feature of some earlier models as well (Archambeau et_ a_[_. , 1969; Kanamori, 
1967), has also been verified in terms of the implied triplications. A 
region of high velocity gradient for the S-waves at about the same depth 
was suggested earlier by Hales and Roberts (1968). It remains to be seen 
whether the cross-over distances of these triplications are the same for 
S-waves. The interpretation of the velocity structure in the mantle in terms 
of its chemical composition and phase changes will depend a great deal on 
whether the transitions occur at the same depths for both type of waves.
The need to determine the end points of the triplication branches 
was emphasized in Chapter 1. Though it has been shown that most of the 
triplication branches apparently extend to very large distances with 
amplitudes decreasing with increasing distance (except for the retrograde 
branch C1, attributed to the LVZ, on which fairly large amplitudes have been 
observed to distances as far as 32°), it has not been possible to determine 
whether negative velocity gradients are required, particularly in the depth 
intervals 650 - 750 km and 750 - 920 km, to allow the extensions of the 
triplications to observed distances, or whether the extensions are produced 
by underside reflections. More accurate data may allow separation of the 
triplication branches from those produced by the underside reflections.
However, because of the low velocity gradients in these layers, such 
separation may be fairly difficult to achieve.
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Data beyond ^5°  shou ld  be examined t o  d e t e r m i n e  and e s t a b l i s h  
w he the r  t r i p l i c a t i o n s  e x i s t  a t  l a r g e r  d i s t a n c e s .  S i m i l a r  s t u d i e s  u s ing  
o t h e r  a r r a y s  a r e  r e q u i r e d  t o  i n v e s t i g a t e  f u r t h e r  th e  upper  m a n t l e  
s t r u c t u r e  found h e r e ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t he  LVZ.
206
R E F E R E N C E S .
Adams, R . D .  (19 68 ) .  E a r ly  r e f l e c t i o n s  o f  P ’ P1 as an i n d i c a t i o n  o f  the
upper mant le  s t r u c t u r e .  B u l l .  Seism. Soc. Am., 5 8 , 1933_ 19^*7 -
Anderson , D.L. (1987).  Phase changes in the  upper man t le .  Science,  157,
1165 - 117 3 .
A nde rson , D.L.  (1968).  Chemical inhomogene i ty  o f  the  m an t le .  Ear th  P la n e t .  
Se i .  L e t t e r s ,  5,  89“ 94.
Ande rson , D.L.  (1970).  P e t ro lo g y  o f  the m an t le .  M in e r a l .  Soc. Amer. Spec. 
Pap. ,  3, 85-93-
Ande rson , D.L. and T.H.  Jordan (1970).  The c om pos i t ion  o f  the  lower m an t le .  
Phys. Ear th  P la n e t .  I n t e r s . ,  3,  23-25.
Ande rson , D.L.  and C. Sammis (1970).  P a r t i a l  m e l t i n g  in the  upper man t le .  
Phys. Ear th  P la n e t .  I n t e r s . ,  3, 41-50.
Anderson , D.L. and M.N. Toksoz (1983).  Sur face  waves on s p h e r i c a l  e a r t h ,  1, 
upper man t le  s t r u c t u r e  f rom love  waves. J .  Geophys. Res. ,  68, 
3483-3500.
Anderson,  O . L . ,  E. S c h r e ib e r ,  R.C. Liebermann and N. Soga (19 6 8 ) .  Some
e l a s t i c  c o ns ta n t  da ta  on m in e ra ls  r e l e v a n t  to  geophys ics .  Rev. 
Geophys i c s ., 6_, 4, 491-524.
Archambeau, C .B . ,  E.A. FI inn and D.G. Lambert (1966).  D e te c t i o n ,  a n a l y s i s  
and i n t e r p r e t a t i o n  o f  t e l e s e i s m i c  s i g n a l s .  J .  Geophys. Res. ,  7J_, 
3^ 83- 3501.
Archambeau, C .B . ,  E.A. FI inn and G.D. Lambert (1969).  F ine s t r u c t u r e  o f  the  
upper m a n t le .  J .  Geophys. Res. ,  74_, 5825- 3865•
Backus, G. and F. G i l b e r t  (1967).  Numerical a p p l i c a t i o n s  o f  a fo rm a l ism
f o r  geophys ica l  in ve rse  problems. Geophys. J .R .  A s t r .  S o c . , 13 , 
2A7-276.
207
Backus,  G. and F. G i l b e r t  (1968).  The r e s o l v i n g  power o f  g ross e a r th  d a ta .  
Geophys. J .R .  A s t r .  Soc. , J_6_, 169-205.
Backus,  G. and F. G i l b e r t  (1970).  Uniqueness in the  i n v e r s io n  o f  i n a c c u ra te  
gross  e a r th  da ta .  P h i l .  T rans .  R. Soc . ,  A266, 123-192.
Berkner Committee Report  (1959).  The need f o r  fundamental  research in
se ismo logy .  Report on the  panel on se ism ic  improvements,  L.V.  
Berkner chai rman.  Department o f  S t a t e ,  U.S.A.
Bessonova,  E .N . ,  V.M. Fishman and G.A. S i t n i k o v a  (1970).  D e te rm in a t io n  o f  
the l i m i t s  f o r  v e l o c i t y  d i s t r i b u t i o n s  f rom d i s c r e t e  t r a v e l  t ime 
o b s e r v a t i o n s .  Paper p resen ted a t  the  Seventh Upper Mant le 
Symposium on Geophysical  Theory and Computers.  Sodergarn,  Sweden.
Bessonova,  E .N . ,  V.M. Fishman, V.Z.  Royaboyi and G.A. S i t n i k o v a  (197*0*
Tau method f o r  i n v e r s io n  o f  t r a v e l  t imes -  1 deep se ism ic  sound ing.  
Data Geophys. J .R .  A s t r .  Soc . ,  36 , 377” 398.
B i r c h ,  F. (1961)A . The v e l o c i t y  o f  compress iona l  waves in rocks  to  10
' k i l o b a r s .  J .  Geophys. Res. ,  66 , 2199 - 2224 .
B i r c h ,  F. (1961 )B. Composi t ion  o f  the  e a r t h ' s  m an t le .  Geophys. J .R .  A s t r .  
Soc. , 4_, 295-31 1 •
B i r c h ,  F. (1969).  D e n s i t y  and c om pos i t ion  o f  the  upper mant le  : F i r s t
a pp ro x im a t io n  as an o l i v i n e  l a y e r .  The e a r t h ' s  c r u s t  and upper 
mant le .  Am. Geophys. Union Mono.,_l_3_, 18- 36.
B i r t i l l ,  J.W. and F.E.  Whiteway (1965).  The a p p l i c a t i o n  o f  phased a r r a y s
to  the a n a l y s i s  o f  se ism ic  body waves. P h i l .  T r a n s . ,  A258, *»21-493*
B o l t ,  B.A. and O.W. N u t t l  i (1966) .  P-wave r e s i d u a l s  as a f u n c t i o n  o f  
az im u th .  J .  Geophys. Res. ,  7_J_, 5977~5985.
B o l t ,  B.A. , M. O ' N e i l l  and A. Qamar (1968) .  Seismic waves near 110 :
Is s t r u c t u r e  in the  upper mant le  r e s p o n s ib l e .  Geophys. J .R .
A s t r .  Soc. , ]_6_, 475-487.
Brune,  J .  and J .  Dorman (1963).  Seismic waves and e a r th  s t r u c t u r e  in the  
Canadian s h i e l d .  B u l l .  Seism. Soc. Am., 53, 167-210.
208
Bul l en ,  K.E. (1963) .  An i n t r o d u c t i o n  to t h e  t heory  of  se i smology.
Cambridge U n i v e r s i t y  P re s s .
Burg,  J .  ( 196*4) .  Three dimensional  f i l t e r i n g  wi th  an a r r a y  of  se i smometers .  
Geophysics ,  29_, 693~713-
Capon, J . ,  R. J .  Greenf i e l d  and R. J .  Kolker  (1967) .  Mul t i d imens ional
maximum l i k e l i ho od  p r oces s i ng  of  a l a rg e  a p e r t u r e  s e i smi c  a r r a y .  
Proc.  I . E . E. E.  , 55,  192-211.
Chinnery ,  M.A. (1969) .  Ve l oc i t y  anomal ies  in t he  lower mant l e .
Phys.  Ear th  P l a n e t .  I n t e r s . ,  2_, 1-10.
Chinnery ,  M.A. and M.N. Toksoz ( 1967) .  P-wave v e l o c i t i e s  in t he  mant l e  
below 700 kms. Bul l .  Seism. Soc.  Am., 5 7 » 199~226.
Cl a r k ,  S.P.  and A.E. Ringwood (1964).  Dens i ty  d i s t r i b u t i o n  of  t he  
c o n s t i t u t i o n  of  the  mant l e .  Rev. Geophys . ,  2^ , 35“88.
Cl e a r y ,  J . R .  (1974) .  The D11 r eg i on .  Phys.  Ea r t h .  P l a n e t .  I n t e r s . ,  9_, 
13-27.
C l e a r y ,  J . R .  and A.L. Hales (1966).  An a n a l y s i s  of  t he  t r a v e l  t imes  of
P-waves to  no r t h  American s t a t i o n s  in t h e  d i s t a n c e  range 32°-100° .  
Bul l .  Seism. Soc. Am., 56_, 467-489-
Cl e a r y ,  J . R . ,  C. Wright  and K. J.  Muirhead (1968) .  The e f f e c t s  of  local
s t r u c t u r e  upon the  dT/dA measurements  a t  t he  Warramunga se i smi c  
a r r a y .  Geophys.  J .R.  As t r .  S o c . ,  16, 21-29.
C o rb i s h l e y ,  D.J .  (1970) .  M u l t i p l e  a r r a y  measurements  of  P-wave t r a v e l  
t ime d e r i v a t i v e .  Geophys.  J . R .  A s t r .  Soc . ,  19, 1 — 14.
Davies ,  D. ,  E . J .  Kel ly and J . R .  F i l s on  (1971) .  Vespa p roces s  fo r  a n a l y s i s  
of  s e i smi c  s i g n a l s .  Nature ,  Phys i ca l  S c i e nces ,  2 3 2 , J u l y  5,  8-13- 
Davies ,  D. and R.M. Sheppard (1972).  La t e r a l  h e t r o g e i n e i t y  in t he  e a r t h  
mant l e .  Na ture ,  239 > 318-323-
Denham, D. ,  D.W. Simpson,  P . J .  Gregson and D.J .  Sut ton  (1972) .  Travel  t imes 
and a mpl i t udes  from exp l os i ons  in n o r t h e r n  A u s t r a l i a .  Geophys.  J .  
R. A s t r .  Soc. , 28,  225-235.
209
Dorman, J . ,  M. Ewing and J .  O l i v e r  ( I 9 6 0 ) .  Study o f  shear v e l o c i t y
d i s t r i b u t i o n  by mant le R ay le igh  waves. B u l l .  Seism. Soc. Am.,
50, 87-115.
D z iewonsk i ,  A.M. (1970) .  C o r r e l a t i o n  p r o p e r t i e s  o f  f r e e  p e r iod  p a r t i a l  
d e r i v a t i v e s  and t h e i r  r e l a t i o n s  to  the  r e s o l u t i o n  o f  g ross  
e a r th  d a ta .  B u l l .  Seism. Soc. AM.,  6 0 , 741-768.
Dz iewonsk i ,  A.M. (1971).  Regional  d i f f e r e n c e s  in d i s p e r s i o n  o f  man t le  
Ray le igh  waves. Geophys. J .R .  A s t r .  Soc.,22_, 289~326.
Dz iewonsk i ,  A .M . ,  A .L .  Hales and E.R. Lapwood (1975).  P a r a m e t r i c a l l y  
s im p le  e a r th  models c o n s i s t e n t  w i t h  geophys ica l  d a ta .  Phys.
Ear th  P la ne t .  I n t e r s . ,  J_0^  12-48.
Engdahl , E.R. and E.A. FI inn (19^>9)A. Seismic  waves r e f l e c t e d  f rom
d i s c o n t i n u i t i e s  w i t h i n  e a r t h ' s  m an t le .  Sc ience,  163, 17 7_179 - 
Engdahl ,  E.R. and E.A. FI inn (19^>9) B. Remarks on the  paper " E a r l y
r e f l e c t i o n s  o f  P1P ' as an i n d i c a t i o n  o f  upper man t le  s t r u c t u r e "  
by R.D. Adams. B u l l .  Seism. Soc. Am. , 59, I 4 l 5 _l 4 l 7 .
Engdahl ,  E . ,  J .  T a g g a r t ,  J . L .  L o b d e l l ,  E.O. A rno ld  and G.C. Clason (1968).
Computa t iona l  methods. B u l l .  Seism. Soc. Amer. ,  58 , 1339-1344.  
Engdahl ,  E.R. and C.P. F e l i x  (1971)*  Nature o f  t r a v e l  t ime anomal ies a t  
Lasa. J .  Geophys. Res. ,  76_, 2706-2715- 
Gangi ,  A.F .  and J.W. F a i rb o rn  (1968) .  A ccu ra te  d e te r m i n a t i o n  o f  se ism ic
a r r a y  s t e e r i n g  de lays  by an a d a p t i v e  p rocess in g  computer program. 
Supplemento Al Nuovo Cimento,  S e r ie ,  J_, 6,  105-115.
Gerver ,  M. and V. Markushev ich  (1966) .  D e te rm in a t io n  o f  se ism ic  v e l o c i t y  
f rom t r a v e l  t im e  cu rve .  Geophys. J .R .  A s t r .  Soc . ,  JJ_, 165-173- 
Gopa1 k r i s h n a n , B.S.  (1969)-  P-wave v e l o c i t i e s  in the  mant le  below 700 kms.
Geophys. J .R.  A s t r .  Soc . ,  17 > 405-417- 
Green, R.W.E. and A .L .  Hales (1968).  The t r a v e l  t im es  o f  P-waves to  30° 
in the  c e n t r a l  Un i ted S ta tes  and upper man t le  s t r u c t u r e .  B u l l .  
Seism. Soc. Amer. ,  58, 267- 289-
210
Green,  P.E.  J r . ,  E.J .  K e l l y ,  J r .  and M.J.  Levin (1966).  A compar ison o f
se ism ic  a r r a y  p rocess in g  methods.  Geophys. J .R .  A s t r .  Soc. , 11 , 
67-84.
G r e e n f i e l d ,  R .J .  and R.M. Shepard (1969).  The Moho depth  v a r i a t i o n s  
under Lasa and t h e i r  e f f e c t  on dT/dA measurements. B u l l .
Seism. Soc. Amer. ,  59_, 409-420.
Gutenberg ,  B. (1959).  Physics o f  the  e a r t h ' s  i n t e r i o r .  Academic Press 
N. Y.
Gutenberg,  B. (1959)A . Wave v e l o c i t i e s  below the  M o h o rov ic i c  d i s c o n t i n u i t y .  
Geophys. J .R .  A s t r .  Soc . ,  4_, 348-352.
Gutenberg ,  B. ( i 960) .  Waves r e f l e c t e d  a t  the  s u r fa c e  o f  the  e a r th  : 
p ' p i p i p i .  B u l l .  Seism. Soc. Am., 50_, 71-79-
Gutenberg ,  B. and C.F. R ic h t e r  (1954).  S e i s m i c i t y  o f  the  e a r th  and 
a s s oc ia te d  phenomena, P r in c e to n  Uni .  Press ,  New Je rs e y .
Ha les ,  A .L .  and H.A. Doyle (1967).  P and S t r a v e l  t ime anomal ies  and t h e i r  
i n t e r p r e t a t i o n .  Geophys. J .R .  A s t r .  Soc . ,  13 > 403“ 415-
Ha les ,  A .L .  and J . L .  Roberts  (1958).  Shear wave v e l o c i t i e s  in the  lower 
mant le  and ra d iu s  o f  the  co re .  B u l l .  Seism. Soc. Amer. ,  6 0 , 
1427-1436.
Ha le s ,  A .L .  (1972).  The t r a v e l  t im es  o f  P se ism ic  waves and t h e i r  re le van ce  
to  the  upper man t le  v e l o c i t y  d i s t r i b t u i o n . In A.R.  Ritsema (E d . ) .  
The Upper Mant le .  Tectonophys i c s .  , J_3_, 447-482.
Ha les,  A . L . ,  K.J.  Muirhead,  J.M. Rynn and J .F .  G e t t r u s t  (1975).  Upper
mant le  t r a v e l  t im es  in A u s t r a l i a  -  A p r e l i m i n a r y  r e p o r t .  Phys. 
Ear th  P la n e t .  I n t e r s . ,  11, 109“ 118.
Hel mberger , D. and R. A. Wigg ins  ( 1 9 7 0 -  Upper mant le  s t r u c t u r e  o f  m id -  
western  Uni ted S ta te s .  J .  Geophys. Res . ,  7 6 , 3229_3245-
H e r r i n ,  E . ,  W. Tucker ,  J .N .  T a g g a r t ,  D.W. Gordon and J . L .  L o b d e l1 (1968).
E s t im a t io n  o f  s u r fa c e  focus  P - t r a v e l  t im es .  B u l l .  Seism. Soc.
Am. , 58,  1273-1291•
21 1
Husebye, E. and R. Madariaga (1970).  The o r i g i n  o f  p re c u rs o rs  t o  core  
waves. B u l l .  Seism. Soc. Am., 60_, 939-952.
Husebye, E .S . ,  R. Kanestrom and R. Rud (1971)-  Obse rva t ions  o f  v e r t i c a l
and l a t e r a l  P-wave anomal ies us ing  the  Fennoscandian C o n t i n e n ta l  
A r ra y .  Geophys. J .R .  A s t r .  Soc . ,  23_, 3 " l 6 .
J e f f r e y s ,  H. (1939).  Times o f  P, S and SKS and the  v e l o c i t i e s  o f  P and 
S.M.N.R.A.  Geophys. Suppl . , A_, 498—533 •
Johnson,  L.R.  (1907)-  A r ray  measurements o f  P v e l o c i t i e s  in the  upper mant le  
J.  Geophys. Res. ,  72_, 6309-6325.
Johnson,  L.R. (1969).  A r ra y  measurements o f  P v e l o c i t i e s  in the  lower man t le  
B u l l .  Seism. Soc. Am., 59_, 973- 1008.
Johnson,  L.E.  and F. G i l b e r t  (1972).  I n v e rs i o n  and i n fe r e n c e  f o r  t e l e s e i s m i c  
ray d a ta .  Methods in Computa t iona l  P hys ics ,  11, Ed. B. A. B o l t ,  
231- 236.
Jo rd an ,  T .H .  (1975).  The c o n t i n e n t a l  t e c to n o s p h e re .  Rev. Geophys. Space 
Phys. , 13 ,  3, 1-12.
Jo rdan ,  T.H.  and D.L.  Anderson (1974).  Ear th  s t r u c t u r e  f rom f r e e  
o s c i l l a t i o n  and t r a v e l  t im e s .  Geophys. J . ,  36_, 41 1 —459-
J o rdan ,  T.H.  and W.S. Lynn (1974).  A v e l o c i t y  anomaly in the  lower man t le .
J .  Geophys. Res. ,  79,  2679-2685.
Kanamor i ,  H. (1967).  Upper mant le  s t r u c t u r e  f rom apparen t  v e l o c i t y  o f  
P-waves recorded a t  Wakayama M ic roea r thquake  Obse rva to ry .
B u l l .  Seism. Soc. Am., 45_, 657-678.
Kanamori ,  H. (1970).  V e l o c i t y  and Q o f  mant le  waves. Phys. Earth  P la ne t .  
In te rs . ,2_ ,  259-275-
t  h
Kanasewich,  E .R . ,  C.D. Hemmings and T. A lpasa lan  (1973).  N r o o t  s tack  
n o n - l i n e a r  m u l t i c h an n e l  f i l t e r .  Geophys ics ,  38, 327“ 338.
Kau la ,  W.M. (1968) .  An i n t r o d u c t i o n  t o  p l a n e t a r y  p h y s i c s .  John W i ley
and Sons, N.Y.
212
Keen, C .G . ,  J .  Montogomery, W.M. Movat ,  J . E ,  M u l l a r d  and D.C. P l a t t  (1965) .  
B r i t i s h  seismometer  a r r a y s  r e c o rd in g  systems. The Radio and 
E l e c t r o n i c  E n g in e e r . ,  3 0 , 297~306.
K e l l y ,  E .J .  (1964) .  L im i te d  network  p rocess ing  o f  se is m ic  s i g n a l s .
Massachuse t ts  I n s t .  Tech.  Group Repor t  44.
K e l l y ,  E .J .  (1966 ) .  Lasa o n - l i n e  d e t e c t i o n ,  l o c a t i o n  and s i g n a 1- t o - n o i s e  
r a t i o  enhancement.  M . l . T .  L in c o ln  Lab. T e c hn ic a l  Note 36.
K e n n e t t ,  B .L .N .  (1976).  A compar ison o f  t r a v e l  t im e  i n v e r s i o n s .
Geophys. J .R .  A s t r .  S o c . , 4 4 , 517—536 .
Key, F.A.  (1967)-  S ig n a l -g e n e ra te d  n o is e  a t  the  Eskda lemuir  Seismometer 
A r r a y  S t a t i o n .  B u l l .  Seism. Soc. Am., 57,  27 ~37 - 
K ing ,  D.W. (1974).  Au tomat ion  o f  the  r e d u c t i o n  o f  s e is m ic  d a t a .  Ph.D. 
T h e s i s ,  A . N .U . ,  A .C .T .  A u s t r a l i a .
K ing ,  D .W . , R.F. Mereu and K .J .  Muirhead (1973).  The measurement o f  
appa ren t  v e l o c i t y  and az imuth  us ing  a d a p t i v e  p ro cess in g  
tec h n iq u e s  on data  f rom the  Warramunga Se ismic  A r r a y .  Geophys. 
J .R .  A s t r .  Soc., 35,  137-167.
K ing ,  D.W. and G. C a l c a g n i l e  (1976).  P-wave v e l o c i t i e s  in the  upper
m a n t le  beneath Fennoscandia and Western Russ ia .  Geophys. J .R .  
A s t r .  S o c . , 46 ,^ 407-432.
L e v i n ,  M.J.  (1964).  Maximum l i k e l i h o o d  p r o c e s s in g ,  se ism ic  d i s c r i m i n a t i o n .
Semiannual t e c h n i c a l  summary. L i n c o ln  Lab. M . l . T .  Dec. 21.  
L iebermann,  R.C. (1972).  Compressional  v e l o c i t i e s  o f  p o l y c r y s t a l l i n e
o l i v i n e ,  s p in e l  and r u t i l e  m in e r a l s .  E a r th  P la n e t .  Sc. L e t t e r s ,
J7_, 263-268.
L iebermann,  R.C. (1973)A . E l a s t i c  p r o p e r t i e s  o f  p o l y c r y s t a l l i n e  SnO^ and 
GeO^: Compression w i t h  s t i s h o v i t e  and r u t i l e  d a ta .  Phys.
E a r th  and P la n e t .  I n t e r s . ,  J_, 461-465.
L iebermann,  R.C. (1973 )B. E l a s t i c i t y  o f  o l i v i n e - s p i n e l  and o l i v i n e - b e t a
phase t r a n s f o r m a t i o n s  and the  400-km d i s c o n t i n u i t y  o f  the  m a n t l e -  
J .  Geophys. Res. ,  78_, 715 “ 717 •
2 1 3
L i ebe r man n ,  R.C.  ( 1 9 7 3 ) C- On v e l o c i t y - d e n s i t y  s y s t e m a t i c s ,  p o l y m o r p h i c  
phase t r a n s f o r m a t i o n s  and t he  t r a n s i t i o n s  and t he t r a n s i t i o n  
zone o f  t he  m a n t l e .  Comments on t h e  E a r t h  Sc i en c e s ,
G e o p h y s i c s . ,  3_, 127-133.
L i ebe r man n ,  R.C.  and A . E .  Ringwood ( 1973 ) .  B i r c h ' s  l aw and p o l y m o r p h i c  
phase t r a n s f o r m a t i o n s .  J .  Geophys.  Re s . ,  78_, 6926 - 6932 .
L i eb e r ma n n ,  R.C.  and E. S c h r e i b e r  ( 1969 ) .  C r i t i c a l  t he r ma l  g r a d i e n t s  in 
t he  m a n t l e .  E a r t h  P l a n e t .  S e i .  L e t t e r s ,  7_, 7 7 “ 81 .
L i u  L i n - Gun  ( 1976 ) .  Post  s p i n e l  phase o f  f o r s t e r i t e .  N a t u r e ,  2 6 2 , 5571,  
770- 772 .
Macelawane ( $ #j  . )  > J . B .  ( 1936 ) .  I n t r o d u c t i o n  t o  t h e o r e t i c a l  s e i s m o l o g y .
P a r t  1, John W i l e y  and Sons,  N.V.
Manchee,  E.B.  and H. Sommers ( 1966 ) .  The Y e l l o w k n i f e  S e i s m o l o g i ca 1 A r r a y .  
P u b l i c a t i o n  o f  t he  Domin i on O b s e r v a t o r y ,  32_, 2.
Masse,  R . P . ,  M. Landi sman and J . B .  J e n k i n s  ( 1 9 7 2 ) .  An i n v e s t i g a t i o n  o f  
uppe r  m a n t l e  c o m p r e s s i o n a 1 v e l o c i t y  d i s t r i b u t i o n  benea t h  t he  
Bas i n  and Range p r o v i n c e .  Geophys.  J . R .  A s t r .  S o c . , 3T^ > 10-36.
McMechan,  G.A.  and R.A.  W i gg i ns  ( 1972) .  Depth l i m i t s  i n  body wave i n v e r s i o n .  
Geophys.  J . R .  A s t r .  Soc . ,  28_, ^ 5 9 _^73-
M e l t o n ,  B.S.  and P.R.  Kar r  ( 1957 ) .  R e v e a l i n g  s i g n a l  c o he r enc e .
G e o p h y s i cs ,  22_, 553 “ 564.
M u i r h e a d ,  K.J .  ( 19 6 8 ) A . E l i m i n a t i n g  f a l s e  a l a r m s  when d e t e c t i n g  s e i s m i c  
e v e n t s  a u t o m a t i c a l l y .  N a t u r e ,  2 1 7 , 533 - 53^ .
M u i r h e a d ,  K.J .  ( 1 9 6 8 ) B. The r e d u c t i o n  and a n a l y s i s  o f  s e i s m i c  d a t a  u s i ng
d i g i t a l  c ompu t e r s .  Ph.D.  T h e s i s ,  U n i v e r s i t y  o f  Tasman i a ,  H o b a r t ,  
A u s t r a 1 i a .
t  h
M u i r h e a d ,  K . J .  and Ram D a t t  ( 1976 ) .  The N r o o t  p r o c e s s  a p p l i e d  t o  
s e i s m i c  a r r a y  d a t a .  Geophys.  J .  R. A s t r .  Soc ., 47 ,  197-210.
N i a z i ,  M. ( 1 9 6 6 ) .  C o r r e c t i o n  t o  a p p a r e n t  a z i mu t h  and t r a v e l  t i me  g r a d i e n t s  
f o r  a d i p p i n g  M o h o r o v i c  d i s c o n t i n u i t y .  B u l l .  Seism.  Soc.  Am.,
56,  491- 509 -
214
N i a z i ,  M. and D .L .  Anderson (1 9 6 5 ) .  Upper m a n t l e  s t r u c t u r e  o f  Western
N o r t h  Am er ica  f r om  a p p a r e n t  v e l o c i t i e s  o f  P-waves.  J .  Geophys.
Res. 70,  4 6 3 3 -^ 6 4 0 .
O ts u k a ,  M. (1 9 6 6 ) .  A z im u th  and s lo w ness  a n o m a l ie s  o f  s e i s m i c  waves
measured on th e  C e n t r a l  S e i s m o g r a p h i c  A r r a y .  B u l l .  Seism.  Soc.
Am. 5 6 , 223 -239 .
P r e s s ,  F. ( 1 9 5 9 ) .  Some i m p l i c a t i o n s  on m a n t l e  and c r u s t a l  s t r u c t u r e
f r o m  G. waves and Love waves.  J .  Geophys. R e s . ,  64_, 565~568.
Ram, A. and R.F. Mereu (1 9 7 5 ) .  A c o m p a r i s o n  o f  a d a p t i v e  p r o c e s s i n g
^ j'*}
t e c h n i q u e s  w i t h  N r o o t  beam f o r m i n g  m e th ods .  Geophys.
J . R .  A s t r .  S o c . ,  42 ,  653 -670 .
Ram D a t t  and S. Ramani ( 1 9 6 7 ) .  A d i g i t a l  d a t a  a c q u i s i t i o n  sys te m . T e c h n i c a l  
R e p o r t  No. 35,  Computer  Group T . I . F . R . ,  Bombay.
Ram D a t t ,  A.M.  Manekar  and T .G .  Varghese (1 9 6 9 ) .  A d i g i t a l  p r o c e s s i n g  
sys tem f o r  G a u r i b i d a n u r  d a t a  f o r  s e i s m o l o g i ca 1 r e s e a r c h .
P r o c .  Symp. Use o f  GBA d a ta  f o r  Se i s m o l o g i ca 1 Resea rch ,
J u l y  4 - 5 .  B .A .R .C .  P u b l i c a t i o n .
Ram D a t t  and D i l i p  Kumar (1973 ) -  O n - l i n e  s e i s m i c  d a ta  p r o c e s s i n g .
J .  Computer Soc. I n d i a ,  J_, 1 -5 -
Ram D a t t  and K .J .  Mui rhead  (1 9 7 6 ) .  E v idenc e  f o r  a sh a rp  v e l o c i t y
i n c r e a s e  nea r  770-km d e p t h .  Phys. E a r t h  and P l a n e t  I n t e r s .  13 , 
3 7 -4 6 .
Ram D a t t  and K . J .  Mui rhead ( 1 9 7 7 ) .  E v idence  o f  m u l t i p l i c i t y  in  t h e
t r a v e l  t i m e  c u r v e  beyond 30 d e g r e e s .  Phys. E a r th  P l a n e t .  I n t e r s .
( In P r e s s ) .
R i c h a r d s ,  P.G. ( 1 9 7 2 ) .  Se is m ic  waves r e f l e c t e d  f r om  v e l o c i t y  g r a d i e n t  anom­
a l i e s  w i t h i n  t h e  e a r t h ' s  upper  m a n t l e .  Z e i t s c h r i f t  f u r  G eophy s ik ,  
38 ,  517 -527 .
Ringwood ,  A . E .  (1 9 6 6 ) .  M i n e r a l o g y  o f  t h e  m a n t l e .  I n :  P. H u r l e y  ( E d . ) ,  
"Advances  in E a r t h  S c i e n c e s " ,  357 “ 399*
2 15
Ringwood ,
Ringwood ,
Ringwood,
Ringwood ,
Ringwood ,
A.E.  (1967).  The py roxene-garne t  t r a n s f o r m a t i o n  in the  e a r t h ' s  
mant le .  Ear th  P la ne t .  Sei .  L e t t e r s ,  1_> 255-263.
A.E.  (1970).  Phase t r a n s fo rm a t io n s  and the  c o n s t i t u t i o n  o f  the  
man t le .  Phys. Ear th  P la n e t .  I n t e r s . ,  3_, 109-155- 
A.E.  (1972).  M in e ra lo gy  o f  the  deep m an t le .  C u r re n t  s t a t u s  
and f u t u r e  developments in 'The Nature o f  the  S o l i d  E a r t h ' ,  
E d i t o r ,  E.C. Rober tson,  McGraw H i l l ,  67“ 92.
A.E.  (1975).  Composi t ion and p e t ro lo g y  o f  the  e a r t h ' s  man t le .  
McGraw H i l l  Book Co.
A.E.  and A. Major (1970).  The system Mg^SiO^-Fe^Si0^ a t  
h igh  pressure  tem pera tu res .  Phys. Earth  P la n e t .  I n t e r s . ,  3,
89- 108.
Ritsema, A.R. (1959)- Note on the  az imuth  d e v i a t i o n s  o f  P-waves recorded 
a t  D ja k a r ta  S t a t i o n .  Geophys. Pure A p p l . ,  A3 , 159-166.
Sacks,  I .S .  (1967).  D i f f r a c t e d  P-wave s tud ies  o f  the  e a r t h ' s  c o r e ,  2, 
lower mant le  s t r u c t u r e ,  J .  Geophys. Res. ,  72_, 2589-2595-
Simpson, D.W. (1973)-  P-wave v e l o c i t y  s t r u c t u r e  o f  the  upper man t le
in the  A u s t r a l i a n  re g io n .  Ph.D. Thesis A . N .U . ,  A . C . T . ,  A u s t r a l i a .
Simpson, D.W. , R.F. Mereu and D.W. King (197*0- An a r r a y  s tudy  o f  P-wave 
v e l o c i t i e s  in the  upper mant le  t r a n s i t i o n  zone beneath no r th e rn  
A u s t r a l i a .  B u l l .  Seism. Soc. Am., 64_, 1 7 57 “  1 788 .
S tacey ,  F.D. (1969).  Physics o f  the  e a r th .  John W i l e y ,  N.Y.
S te inm e tz ,  L . ,  A. H irn  e t  G. P e r r i e r  (197**) - R e f le x io n s  s ism iques  a la 
base de 1 ' as thenosphere .  Ann. Geophys. 30.» 2,  173“ 170.
Susk ind ,  A.K.  (1957).  Notes on analog to  d i g i t a l  c o n v e rs io n .  M . l . T .  Press.
T akeuch i ,  H . ,  F. Press and N. Kobayashi (1959).  R ay le ig h  wave ev idence
f o r  the  l o w - v e l o c i t y  zone in the  mant le.  B u l l .  Seism. Soc. Am., 4 9 , 
355-364.
216
Toksoz ,  M.N. and D.L. Anderson (1966).  Phase v e l o c i t y  o f  long p e r iod  
s u r fa c e  waves and s t r u c t u r e  o f  the m a n t le ,  1. g re a t  c i r c l e  
love and Ray le igh  wave d a ta .  J .  Geophys. Res., 7J_, 1649-1658.
Toksoz ,  M.N. ,  M.A. Ch innery  and D.L.  Anderson (1967).  Inhomogene i t i es  in 
the  e a r t h ' s  m an t le .  Geophys. J .R .  A s t r .  Soc., J_3_, 31 “ 59•
V i n n i c k ,  L.P.  and A.V.  N iko la ye v  (1970).  The v e l o c i t y  o f  the  lower mant le  
f rom d i r e c t  measurements o f  dT/dA IZV. Acad. Sei .  U.S.S.R.  
Phys ics and S o l i d  E a r th ,  Eng l .  Trans. ,  JJ_, 24-40.
W e ic h e r t ,  D.H. (1975).  Reduced f a l s e  a la rm r a te s  in se ism ic  a r r a y
d e t e c t i o n  by n o n l i n e a r  beam fo rm in g .  Geophysical  Res. L e t t e r s ,
2,  277-295.
Whi tcomb, J .H .  and D.L.  Anderson (1970).  R e f l e c t i o n  o f  P1P1 se ism ic  waves 
f rom d i s c o n t i n u i t i e s  w i t h i n  the  m an t le .  J .  Geophys. Res. ,
75,  5713-5728.
Wickens,  A .J .  (197 0 -  V a r i a t i o n s  in l i t h o s p h e r i c  t h i c k n e s s  in Canada.
Can. J .  Ear th  S e i . ,  8^ , 1 154-1162.
Wiener,  N. (1949).  E x t r a p o l a t i o n ,  i n t e r p o l a t i o n  and smoothing o f  t im e  
s e r i e s .  John W i ley  and Sons, N.Y.
W igg ins ,  R.A. and D. Helmberger (1973).  Upper man t le  s t r u c t u r e  o f  the 
m id -w es te rn  Un i ted S ta te s .  J .  Geophys. Res. ,  7 8 , 1870-1880.
W igg ins ,  R .A . ,  G.A. McMechnan and M.N. Toksoz (1973)-  Range o f  e a r t h
s t r u c t u r e  non-un iqueness imp l ied  by body wave o b s e r v a t i o n s .  Rev. 
Geophys. Space P h y s . , 11, 1, 87-113«
W o r th in g to n ,  M.H. (1973).  The i n v e r s i o n  o f  se ism ic  data using Monte C a r lo  
and l i n e a r  programming methods. Ph.D. T h e s is .  A .N .U . ,  A .C .T .  
A u s t r a l i a .
W r ig h t ,  C. (1968).  Evidence f o r  a low v e l o c i t y  la y e r  f o r  P-waves a t  a 
depth  c lo s e  t o  800 kms. E a r th .  P la n e t .  Se i .  L e t t e r s ,  5^ ,
35-40.
217
Wright ,  C. (1970)a . P-wave t r a v e l  t ime g r a d i e n t  measurements  and lower 
mant l e  s t r u c t u r e .  Phys.  Ear th P l a n e t .  Se i .  L e t t e r s ,  8_, 41-44.
Wr igh t ,  C. (1970)b . P-wave i n v e s t i g a t i o n s  of t h e  e a r t h ' s  s t r u c t u r e  us ing 
the  Warramunga Seismic Array.  Ph.D. T h e s i s ,  A.N.U. ,  A.C. T. ,
A u s t r a l i a .
Wr ight ,  C. and J . R .  Cleary (1972) .  P-wave t r a v e l  t ime g r a d i e n t  measurements 
f o r  t h e  Warramunga Seismic Array and lower mant l e  s t r u c t u r e .
Phys.  Ear th  P l a n e t .  I n t e r s . ,  5_, 213“230.
Wr ight ,  C. and K.J .  Muirhead (1969) .  Longi tudina l  waves from t h e  Novaya 
Zemlya n u c l e a r  e xp l os i on  of October  27,  1966, r ecorded  a t  the  
Warramunga Seismic Array.  J .  Qeophys.  R e s . ,  ~/k, 2034-2048.
Wu, F.T.  (1972) .  Mant le Rayleigh wave d i s p e r s i o n  and t e c t o n i c  p r ov i n c e s .
J .  Geophys.  Res. ,77_,  6445-6453-
A P P E N D I X  A
T A B L E  A l . O R I G I N  T I M E  A N D  H Y P O C E N T R A L  D A T A  ON E V E N T S  U S E D .
EVENT NO DATE MONTH YEAR ORIGIN TIME LATITUDE LONGITUDE DEPTH DELTA DELTAC TIMEC
HR MN SEC KMS. DEG DEG SECS.
1 1 1 1 1 1 IV V VI VI 1 V I I I IX
1 10 9 67 17 49 16. 7 14. 74 121 .20 22 36. 82 36. 93 4 .01
2 15 9 67 19 15 53. 8 1 .56 127. 10 120 22. 54 23. 57 2 1 .9 4
4 18 9 67 15 13 40. 0 -7. 08 129. 67 118 13. 58 16. 65 46. 26
5 19 9 67 7 15 26. 0 -7. 20 130. 50 150 13. 26 17. 85 67. 88
6 19 9 67 12 28 23. 0 -6. 90 129. 20 148 13. 90 17. 72 56. 60
7 20 9 67 1 31 40. 5 24 .56 122. 31 101 45. 76 46. 35 16. 18
8 15 10 67 23 36 45. 0 -1 .6 0 126. 43 26 19. 81 19 .9 9 5. 26
9 18 10 67 3 7 15. 0 23 .7 7 122. 96 41 44 .8 5 45. 05 7. 13
10 19 10 67 0 44 30. 1 2 .1 0 127. 16 59 23. 02 23. 45 10. 90
11 10 11 67 11 29 5 1 .0 10. 34 126. 24 41 31. 14 3 1 .3 7 7. 37
12 11 11 67 11 41 4 6 .0 10. 36 126. 49 53 3 1 .0 9 31 .41 9. 32
13 12 11 67 13 55 8. 0 3. 05 126. 90 73 24. 00 24. 56 13.29
14 12 11 67 23 13 55. 0 -4. 80 129. 75 140 15.71 18. 34 4 1 .3 5
15 12 11 67 13 7 30. 9 -6 .0 0 130.53 114 14. 36 16. 90 39. 24
16 12 11 67 21 19 43. 3 19. 10 121. 20 93 40 .8 5 4 1 .4 2 15. 26
17 17 11 67 14 43 3. 8 24. 15 122. 21 66 45. 40 45. 76 10. 92
18 20 11 67 10 48 31. 1 32. 06 140. 95 59 5 2 .0 0 5 2 .2 9 9. 68
20 20 5 68 11 13 3 2 .0 3. 08 128. 30 130 23. 65 24. 74 23. 20
21 20 5 68 22 28 1. 0 20.11 121.13 55 41 .5 7 4 1 .8 8 9. 37
22 30 5 68 17 58 37. 0 5. 25 126. 77 56 26. 12 26. 49 10 .05
24 5 6 68 12 49 39. 0 11.08 122. 34 54 33. 02 33. 34 9 .3 8
25 5 6 68 15 8 46. 0 4 .91 125. 17 205 26 .3 0 2 8 .0 0 35. 15
27 17 6 68 4 26 31. 9 22. 40 121. 34 40 43. 96 44. 11 7. 09
28 23 8 68 6 42 59. 5 15. 70 121. 86 57 37. 49 37. 82 9. 73
29 23 8 68 8 35 24. 0 1 .3 9 126. 34 106 22. 61 23. 43 19. 11
30 24 8 68 8 4 52. 0 1. 73 126. 98 95 22. 72 23. 48 17. 17
31 1 9 68 0 39 55. 3 1 .63 126. 50 33 22. 79 22. 99 6 .31
32 11 9 68 21 47 21. 6 24. 05 122. 54 46 45. 22 45. 45 7. 89
33 15 9 68 11 58 35. 1 1. 35 126. 14 33 2 2 .6 5 22. 85 6. 31
34 24 10 68 0 42 23. 0 7 .21 126. 64 82 28. 03 28. 59 14. 15
35 24 10 68 13 58 32. 0 1 .50 126. 39 25 2 2  70 22. 85 4. 80
36 24 10 68 15 51 1 6 .0 6. 06 126. 97 44 2 6 .8 5 27. 12 8 .0 0
37 24 10 63 20 55 20. 0 6. 11 127. 04 81 26 .8 8 2 7 .4 6 14. 19
38 25 10 68 15 55 11 .0 3. 45 126. 16 75 24. 60 25. 17 13 .56
39 27 10 68 13 42 26. 2 5.91 125. 59 194 2 7 .1 0 28. 65 32 .8 4
40 29 10 68 17 0 39. 0 1 .78 126. 44 23 22. 95 23. 15 4. 42
41 30 10 68 0 7 17. 0 1. 73 126. 31 33 2 2 .9 5 23. 15 6 .31
42 2 11 68 22 32 23. 0 1.51 126. 24 43 22. 76 2 3 .0 5 3. 11
43 3 11 68 8 9 52. 0 4. 15 124. 91 123 25. 68 2 6 .6 5 2 1 .5 2
44 6 11 68 0 43 12. 2 4. 06 126. 30 67 25. 14 25. 63 12 10
46 10 11 63 17 2 .9 19. 94 121. 39 46 4 1 .6 3 4 1 .8 3 7. 97
47 12 11 68 5 46 33. 0 5. 97 125. 30 138 27. 25 28.41 23. 64
48 . 17 11 63 5 18 59. 0 -3 . 22 128. 78 64 17. 49 18. 33 15 .80
49 17 11 68 13 6 22. 0 1 .0 8 125. 36 81 22. 69 2 3 .3 4 14. 90
50 17 11 68 23 0 21. 5 1. 78 126. 63 30 22. 90 23 .0 8 5. 74
51 22 11 68 10 31 49. 0 1 .4 8 125. 60 37 22. 96 23. 19 7. 04
52 22 11 68 11 38 16 .0 13. 16 122 60 7 34. 87 34. 90 1 .28
53 12 12 68 5 25 37. 7 9. 67 125. 78 122 30. 62 31. 48 20. 42
54 12 12 68 16 0 29. 4 16. 30 122. 29 44 37. 92 33. 15 7. 70
55 19 12 68 11 25 17 .8 4. 96 126. 89 69 25.81 26. 30 12.31
56 20 12 68 21 41 58. 0 9. 23 125. 49 74 30. 28 30. 76 12. 73
57 24 12 68 12 59 38. 5 18. 12 120. 19 47 4 0 .3 0 40. 55 8. 15
58 30 12 68 9 47 13. 0 1 .56 126. 28 22 22. 80 22. 93 4. 24
59 30 12 68 22 11 3 8 .0 23. 26 121. 50 27 44. 74 44. 86 4. 82
( c o n t d .)
TABLE Al . ORIGIN TIME AND HYPOCENTRAL DATA ON EVENTS USED (c o n td . )
EVENT NO DATE MONTH YEAR ORIGIN TIME LATITUDE LONGITUDE DEPTH DELTA DELTAC TIMEC
HR MN SEC KMS. DEG DEG SECS.
1 1 1 1 1 IV V V 1 VI 1 V I I I IX
60 8 1 69 13 56 35. 7 -3. 74 127. 07 145 17. 24 19.81 40. 87
61 16 1 69 10 30 12. 2 2. 18 126. 60 33 23. 25 23. 45 6. 23
62 15 5 69 7 53 4.2 16. 04 121. 87 62 37. 80 38. 16 10.51
63 28 5 69 3 41 5.0 11. 79 125. 83 25 32. 62 32. 75 4. 58
64 5 6 69 17 20 17. 4 1.90 127. 41 106 22. 75 23. 62 19. 11
65 12 6 69 18 59 9. 8 24. 06 122. 45 45 45. 25 45. 48 7. 44
66 20 6 69 6 44 2. 2 2. 58 128. 32 92 23. 15 23.88 16. 64
67 21 6 69 4 22 20. 0 4. 98 127. 80 69 25. 60 26.09 12.31
68 21 6 69 17 5 17. 0 14. 82 119. 70 32 37. 44 37.60 5. 76
6? 25 6 69 0 8 55. 9 13. 46 120. 33 60 35. 95 36.30 10. 24
70 27 6 69 7 54 41. 5 4. 35 126. 99 33 25. 21 25.41 6.31
71 3 7 69 6 34 45. 5 7. 14 126. 91 91 27.89 28. 53 15. 70
72 3 7 69 14 6 34. 0 -4. 39 128. 39 197 16. 52 19. 54 48. 56
73 8 7 69 4 6 42. 0 2. 03 126. 62 32 23. 12 23. 31 6. 10
74 12 7 69 5 13 12 3 6. 13 126. 04 140 27. 17 28. 25 23. 98
75 16 7 69 4 47 38. 1 5. 17 126. 65 84 26. 08 26. 69 14. 78
76 24 7 69 5 3 24. 0 1.65 126. 53 22 22. 79 21 92 4. 24
77 24 7 69 15 11 1.0 -1.84 128. 48 55 18. 89 19. 44 11.86
78 25 7 69 12 58 2. 2 18.81 119. 59 30 41. 14 41.28 5. 39
79 31 7 69 2 35 .5 -. 17 127. 21 83 20. 86 21. 58 15.75
80 2 8 69 0 36 55. 5 6.33 126. 72 223 27. 17 29. 23 39. 78
81 5 8 69 6 51 32 8 1.32 126. 30 37 22. 56 22.79 7. 04
82 5 8 69 13 3 23. 3 1.29 126. 43 18 21 49 22.60 3. 49
83 17 8 69 12 31 46. 9 2. 52 126. 66 40 23. 57 23. 83 7.54
84 25 8 69 21 32 13. 5 .37 125. 97 33 21. 80 22.01 6. 36
85 29 8 69 12 15 54. 9 1.63 126. 43 33 22.80 23.00 6. 31
86 2 9 69 12 38 35. 0 2. 39 126. 58 40 23. 94 24.19 7.51
87 4 9 69 18 10 37. 0 16. 37 119. 56 60 38.91 39. 25 10. 17
88 5 9 69 11 42 15.2 22. 77 121. 63 40 44. 23 44. 43 7.06
89 14 9 69 10 2 23. 6 6. 27 125. 58 54 27. 44 27. 78 9.56
90 15 9 69 4 21 1.0 2. 04 126. 50 104 23. 17 24. 04 18. 91
91 19 9 69 20 53 5. 2 7. 33 123. 82 606 29. 07 35. 25 101. 96
92 2 10 69 22 5 40. 4 9.71 126. 77 59 30. 40 30. 77 10. 29
93 5 10 69 16 34 18. 5 7. 26 123. 75 51 23. 98 29.29 9. 03
94 6 10 69 12 48 5. 8 14.99 120. 11 66 37. 43 37. 82 11. 14
95 6 10 69 21 46 36. 8 7. 17 123. 78 63 23. 89 29.33 11. 74
96 15 10 69 5 41 28. 0 4. 27 126. 31 40 25. 33 25.58 7. 45
97 19 10 69 12 25 44. 9 7. 70 126. 00 58 28. 68 29. 05 10. 17
98 30 10 69 0 47 58. 3 22 36 121. 46 36 43.89 44. 07 6. 44
99 8 11 69 21 55 8. 0 -1.30 127. 10 19 20. 04 20. 17 3.82
100 8 11 69 22 23 26. 0 -1.08 127. 02 113 20. 08 21.25 22 68
101 8 11 69 23 25 59. 0 -1. 09 127. 13 33 20. 03 20.31 7. 58
102 9 11 69 1 9 25. 4 -. 95 127. 22 19 20. 13 20. 26 3. 84
103 9 11 69 1 22 10. 0 -1. 14 127. 06 54 20. 01 20. 45 10.57
104 17 11 69 5 20 49. 7 9. 90 125. 93 80 30. 80 31.33 13. 64
105 29 11 69 18 29 7. 0 2. 18 126. 53 96 23.29 24. 05 17. 26
106 10 12 69 0 10 31.9 -2. 76 129. 17 33 17. 82 18. 11 7. 33
107 10 1 70 13 13 1.3 6.69 126. 79 76 27. 49 28. 01 13. 22
108 10 1 70 14 16 31. 3 6. 71 126. 84 81 27. 50 28. 06 14. 05
109 10 1 70 14 54 9.2 7. 17 126. 91 84 27. 92 28. 50 14. 55
110 10 1 70 15 26 49. 3 6. 79 126. 89 88 27.56 28. 18 15.21
111 10 1 70 16 30 49. 0 7. 04 126. 77 36 27. 84 28. 04 6. 62
112 10 1 70 17 12 33. 9 7. 10 127. 00 96 27.84 28. 53 16.53
113 10 1 70 17 40 24. 0 7. 06 126. 90 69 27. 82 28. 28 12. 07
( c on td  . )
TABLE A I .  ORIGIN TIME AND HYPOCENTRAL DATA ON EVENTS USED, ( c o n t d . )
EVENT NO DATE MONTH YEAR ORIGIN TIME LATITUDE LONGITUDE DEPTH DELTA DELTAC TIMEC
HR MN SEC KMS. DEG DEG SECS.
1 1 1 1 1 IV V VI VI 1 V I I I 1 X
114 10 1 70 21 32 39. 4 6.91 127. 10 76 27. 62 28. 14 13. 22
115 11 1 70 12 19 35. 2 9. 02 125. 60 61 30. 05 30. 45 10. 72
116 24 1 70 2 31 48. 3 9. 02 126. 45 53 29. 82 30. 16 9. 59
117 24 1 70 3 49 44. 0 1.61 127. 29 97 22. 51 23.30 17. 66
113 24 1 70 10 57 47. 2 18. 05 119. 32 42 40. 54 40. 77 7.45
119 24 1 70 18 7 18. 1 2. 42 128. 02 49 23. 08 23. 42 9. 13
120 24 1 70 19 0 1.7 17. 37 122. 18 74 38. 97 39.41 12. 35
121 12 5 70 13 44 21.8 19.83 121. 39 67 41. 52 41. 93 11. 42
122 17 5 70 7 36 15. 3 8. 17 126. 58 90 28. 97 29. 59 15. 39
123 30 5 70 13 16 28. 6 12. 25 124. 60 105 33. 45 34. 16 17.51
124 2 6 70 7 56 51. 5 1.85 126. 39 53 23. 03 23.41 9. 84
126 23 6 70 16 22 46. 8 18.39 119. 87 59 41. 13 41.43 10. 14
127 26 6 70 21 20 14. 0 .40 126. 05 40 21.80 22. 21 10.31
128 27 6 70 13 13 2. 7 4. 14 126. 27 113 25. 22 26. 12 19.94
129 1 7 70 6 27 16. 0 2. 03 126. 50 76 23. 14 23. 73 13. 92
130 9 7 70 16 49 11.0 4. 42 127. 80 85 25. 05 25.70 15.21
131 10 7 70 21 6 39. 6 13. 93 120. 42 89 36. 35 36. 91 14. 80
132 1 3 70 11 50 6.0 7. 18 126. 06 66 27. 95 28.39 11.57
133 15 3 70 21 5 21.8 4. 82 126. 06 106 25. 93 26. 74 18.50
134 19 8 70 5 47 51. 4 9. 46 122. 45 51 31.49 31.80 8. 99
135 24 8 70 12 53 22. 6 5. 98 125. 77 130 27. 11 28.10 22.30
136 26 8 70 15 11 54.9 18. 02 120. 48 58 40. 11 40. 44 9. 86
137 27 8 70 16 28 47. 5 19.93 122. 00 35 41.43 41. 61 6. 34
138 16 9 70 3 5 10. 0 22. 26 121.31 74 43. 85 44. 27 12. 20
139 16 9 70 4 0 8.0 -5. 13 130. 43 26 15.23 15.48 6. 07
140 4 10 70 11 38 22. 2 19. 97 122. 13 35 41.43 41.61 6. 34
141 9 10 70 10 16 17. 1 9. 86 126. 38 51 30. 64 30.95 9. 03
143 27 10 70 21 59 1. 1 7. 52 126. 70 92 28. 31 28. 94 15. 69
144 30 10 70 5 22 30. 9 24. 76 121.74 89 46. 10 46. 61 14. 37
145 18 11 70 22 31 49. 7 2. 74 123. 47 207 23. 27 25. 11 36. 59
146 27 11 70 22 44 35. 4 15. 15 122. 90 33 36. 65 36.81 5.89
147 3 12 70 7 2 46. 8 -1.05 126. 77 26 20. 19 20. 37 5. 20
148 13 12 70 12 29 14. 8 5. 87 126. 93 148 26. 67 27. 84 25. 47
149 14 12 70 7 23 5. 4 1.99 126. 55 65 23. 10 23. 59 11.96
150 21 12 70 12 53 34. 0 9. 29 126. 79 17 29.99 30. 08 3. 16
151 21 12 70 14 5 36. 0 9. 30 126. 82 4 30.00 30.01 .62
152 1 6 71 0 26 15. 0 18. 06 120.28 69 40. 21 40. 62 11.57
153 1 6 71 14 11 2.7 4. 03 124. 06 428 25. 87 29.81 72. 69
154 5 6 71 9 20 56. 3 6. 02 126.11 87 27.05 27. 67 15. 13
155 13 6 71 5 43 41. 0 -6. 62 130.90 42 13. 67 14. 24 11.33
156 13 6 71 22 2 31. 0 1.49 124.90 165 23. 23 23. 67 29.39
157 15 6 71 5 27 33. 9 18. 05 119. 51 41 40. 47 40.68 7. 20
153 24 6 71 11 24 6.0 -3.04 129.53 66 17. 45 18.41 17. 45
159 24 6 71 23 19 32. 0 -4. 27 127. 73 20 16. 86 17. 04 4. 55
160 2 7 71 5 34 28. 9 12. 42 123.84 35 33. 79 33. 97 6. 35
161 4 7 71 11 30 53.8 15.60 121. 85 50 37. 40 37. 68 8. 64
162 11 7 71 12 34 51. 0 -2. 37 128. 02 31 18.64 18. 90 6. 70
163 14 7 71 0 1 50. 3 9. 34 126. 16 82 30. 20 30. 75 14. 03
164 17 7 71 16 18 3. 7 2 30 128. 15 101 22. 97 23. 79 18. 23
165 20 7 71 10 34 11.7 15. 32 120. 26 33 37. 69 37.85 5. 94
166 25 7 71 12 51 43. 5 12. 44 123. 71 42 33. 84 34. 07 7. 47
167 26 9 71 3 20 7. 7 5. 83 126. 40 118 26. 79 27. 68 20. 30
168 26 9 71 15 25 21. 0 3. 22 125. 85 74 24. 49 25. 05 13.39
170 7 10 71 10 51 22. 0 1.45 126. 29 25 22.68 22.83 4. 80
( c o n t d . )
TABLE A l . ORIGIN TIME AND HYPOCENTRAL DATA ON EVENTS US ED . ( c o n td .)
EVENT NO DATE MONTH YEAR ORIGIN TIME LATITUDE LONGITUDE DEPTH DELTA DELTAC TIMEC
HR MN SEC KMS. DEG DEG SECS.
1 1 1 1 1 IV V VI V 1 1 V I I I IX
171 9 10 71 13 15 38. 5 24.86 122. 06 104 46. 12 46. 73 16.63
172 24 10 71 22 22 54. 8 10.30 126. 03 55 31. 16 31. 49 9.61
173 27 10 71 9 27 19. 5 17. 48 120. 11 56 39. 73 40. 05 9. 55
174 9 11 71 3 39 28. 3 19. 93 121. 38 54 41.62 41. 92 9. 21
175 23 12 71 16 58 .3 1.58 126. 38 70 22. 78 23. 33 12. 93
176 23 12 71 19 58 22. 0 -6. 34 130. 34 25 14. 08 14.33 5. 92
177 8 1 72 3 14 17. 0 20.89 120. 28 12 42. 85 42.91 2. 17
178 8 1 72 14 32 14. 2 20. 94 120. 27 27 42. 90 43. 03 4. 85
179 10 10 72 5 23 52. 0 20. 94 120. 36 25 42.88 43.00 4. 50
190 14 9 63 23 20 42 0 12 04 123. 40 17 33. 57 33. 65 3. 13
191 19 9 68 3 48 19. 3 14.92 120. 24 60 37.33 37. 68 10. 20
192 2 11 68 9 34 57. 0 16.06 121. 92 41 37.81 38. 02 7. 23
193 4 11 68 1 45 52. 0 13.46 120. 50 75 35. 89 36.35 12. 64
194 6 11 68 22 21 20. 3 13. 53 120. 46 74 35. 96 36.41 12 44
195 22 4 69 5 51 41.5 24. 25 122 41 70 45. 45 45.84 11.53
196 9 9 69 7 37 37. 0 12. 64 123. 10 40 34. 24 34. 45 7. 13
197 25 2 70 10 20 59. 3 24. 10 122.30 46 45.33 45.56 7.88
198 10 3 70 6 11 56.0 12. 63 122. 24 26 34. 49 34. 62 4. 74
199 7 4 70 5 53 48. 6 15.50 122. 40 47 37. 17 37.43 8. 27
200 7 4 70 7 45 22. 0 15. 47 121. 90 79 37. 26 37. 74 13. 17
201 7 4 70 6 34 19. 2 15.53 121. 86 33 37. 33 37. 49 5. 94
202 7 4 70 9 39 11. 0 15. 68 121.95 47 37. 44 37. 70 8.17
203 8 4 70 21 23 54. 0 15. 43 121. 75 7 37. 27 37. 30 1. 28
204 8 4 70 21 46 40. 0 15. 42 121. 93 34 37.20 37. 37 6. 12
205 12 7 70 9 18 4. 6 10. 84 125. 41 82 31.83 32. 46 14. 75
206 26 2 70 15 50 9. 9 13.57 120. 50 65 35. 98 36. 37 11. 02
207 1 6 72 6 31 16. 4 16.70 122.33 50 38. 14 38. 42 8. 64
208 19 6 72 1 32 22. 1 13. 46 122. 51 75 35. 89 36. 35 12. 64
209 26 6 72 8 8 23. 9 21. 17 120. 24 23 43. 13 43. 24 4. 14
210 29 6 72 3 44 10. 6 11. 34 125. 68 71 32. 24 32. 69 12 14
211 4 7 72 10 16 13. 0 9. 42 122.54 64 31.42 31.82 11.06
212 7 7 72 12 36 15. 3 11.86 126. 27 41 32. 59 32. 81 7. 33
213 21 7 72 14 39 2 7 9. 19 125. 94 100 30. 11 30. 80 16. 95
214 28 7 72 7 3 11.0 24. 17 122. 39 67 45. 3S 45. 75 11. 07
215 3 8 72 15 10 30. 3 13. 42 125. 51 95 35. 84 36. 45 15.79
216 2 9 72 2 7 46. 4 24. 70 122 42 124 45. 87 46. 62 19. 71
218 4 10 68 5 45 38 1 24. 86 122. 55 51 45. 99 46.25 8. 62
219 16 10 68 7 45 49. 9 29. 17 129. 49 37 49. 05 49. 22 6. 45
220 18 10 68 5 54 7. 8 24.88 122.36 62 46. 05 46. 38 10. 28
221 20 10 68 7 8 20. 0 24.91 122 47 22 46.06 46. 16 3. 94
222 12 11 6S 9 53 44. 6 29. 16 129. 54 47 49. 04 49. 27 7. 94
223 26 11 68 21 57 11.0 28. 85 129. 94 2 48. 69 48. 70 .36
224 26 11 68 22 48 47. 7 28. 96 129. 94 33 48.80 48. 95 5. 82
225 27 11 68 1 5 51.0 28.85 129.88 4 48. 70 48. 72 .71
226 5 5 69 9 49 30. 0 28. 43 129. 90 57 48. 29 48. 58 9. 48
227 12 6 69 18 59 9. 8 24.06 122 45 45 45. 25 45. 49 7.86
228 19 6 69 7 3 2.9 28. 13 130.00 27 47. 98 48. 10 4. 79
229 27 7 69 22 26 54. 8 24. 87 122 59 110 45.99 46. 63 17. 44
230 28 7 69 13 3 19. 1 30. 69 132.56 34 50. 37 50. 52 5. 97
231 3 8 69 4 19 41.4 24. 87 123. 16 62 45.86 46. 19 10. 28
232 7 9 69 0 23 45. 9 33. 68 131. 68 101 53.30 53. 84 15. 77
233 11 9 69 3 17 1.0 26. 13 128. 51 27 46. 15 46. 27 4.81
234 7 11 69 13 41 12. 4 26. 62 126. 28 114 46. 94 47.61 18. 08
235 29 11 69 16 43 16. 7 33. 27 132 35 59 53.00 53. 29 9. 64
( c o n t d . )
TABLE A l . ORIGIN TlHE AND HYPOCENTRAL DATA ON EVENTS USED, ( c o n td . )
EVENT NO DATE MONTH YEAR ORIGIN TIME LATITUDE LONGITUDE DEPTH DELTA D aTA C TIMEC
HR MN SEC KMS. DEG DEG SECS.
1 1 1 1 1 1 IV V V 1 VI 1 V I I I IX
236 21 12 69 10 18 3. 4 28.13 130. 59 37 47. 93 48. 10 6. 47
237 27 12 69 2 57 12. 0 13.91 125. 10 58 34. 86 35. 22 9.99
23S 1 1 70 1 49 56. 8 28.53 129. 39 49 48. 43 48. 67 8. 26
239 5 1 70 0 20 13. 7 19. 16 121.21 41 40. 94 41. 15 7. 23
240 5 1 70 13 46 48. 3 25. 96 125. 25 119 46. 48 47. 19 18.39
241 1 5 70 3 22 14. 2 15.64 121. 78 33 37. 46 37.52 5. 94
242 12 6 70 12 53 56. 0 18. 65 122 35 53 40. 14 40.43 9.08
243 17 6 70 7 57 58. 0 -7.58 128.64 80 13. 49 15. 26 28.36
244 17 6 70 18 43 51. 2 30. 21 131. 22 47 49.95 50. 18 7. 94
245 19 6 70 12 44 7. 4 24.86 121. 83 92 46. 17 46. 70 14. 82
246 10 7 70 16 16 58. 5 28.71 129. 31 76 48. 01 49. 02 12.31
247 11 7 70 21 16 34. 7 28. 29 129. 56 44 43. 17 48.33 7.53
243 12 7 70 9 18 4. 6 10.84 125. 41 82 31.83 32. 37 13. 97
249 19 7 70 15 45 37. 0 9.22 126. 22 82 30. 07 30. 62 14. 09
250 25 7 70 22 41 12. 6 32 26 131. 78 47 51.97 52. 19 7.90
251 26 7 70 7 10 37. 9 32 31 131. 83 47 52. 01 52.20 7.01
252 6 8 70 0 17 39. 2 10.23 125. 75 88 31. 16 31. 76 14. 93
253 8 8 70 9 1 9.3 30. 54 130. 13 133 50.36 51.13 20. 70
254 11 8 70 14 4 51. 1 -6. 07 130. 70 108 14 24 16. 56 36.27
255 11 8 70 18 24 13. 0 25. 34 125. 77 55 45. 78 46. 07 9.25
256 22 8 70 12 46 27. 0 -1. 94 127. 60 48 19.08 19.51 10. 03
257 28 8 70 18 22 6. 0 18. 70 121. 04 44 40. 57 40.80 7.66
258 9 9 70 19 18 46. 3 29. 84 13. 76 27 49. 56 49. 68 4. 77
259 17 9 70 6 57 57. 3 -5.13 130. 43 33 15.22 15.54 7. 73
